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Abstract 
Laboratory work has long been regarded as an integral component of engineering 
education, however, the introduction of distance education has complicated this 
concept. Remote access laboratories (RAL) have the advantage of allowing 
students to perform experimental investigations without the need to be physically 
present. A typical RAL device incorporates computer software/hardware, 
automation equipment, sensory devices and the internet to perform experiments 
and provide digital feedback of results. 
 
This project designed and commenced the manufacturing of a physical RAL 
experimental apparatus. The apparatus has been carefully designed to enhance 
the educational outcomes for students undertaking the course Stress Analysis at 
USQ. The Course Examiner for MEC2402 proposed the development of a 
portable, remotely accessible item of laboratory equipment comprising a series of 
three separate experiments. The chosen experiments demonstrate torsion in a 
round shaft, bending in an unsymmetric section beam and three-point bending in 
a rectangular section beam. 
 
By meticulously investigating the relevant pedagogical aspects and mechanical 
design principals, this project has been able to successfully design the proposed 
RAL experiments. Following the impending completion of manufacture, the 
apparatus will be available for the Course Examiners use in future offerings of 
MEC2402. 
 
 
 
 
 
ii 
 
University Of Southern Queensland 
Faculty of Health, Engineering & Sciences 
 
ENG4111 & ENG4112 Research Project 
 
 
Limitations of Use 
 
The council of the University of Southern Queensland, its Faculty of Health, 
Engineering & Sciences, and the staff of the University of Southern Queensland, 
do not accept any responsibility for the truth, accuracy or completeness of 
material contained within or associated with this dissertation. 
 
Persons using all or any part of this material do so at their own risk, and not at 
the risk of the Council of the University of Southern Queensland, its Faculty of 
Health, Engineering & Sciences or the staff of the University of Southern 
Queensland. 
 
This dissertation reports an educational exercise and has no purpose or validity 
beyond this exercise. The sole purpose of the course pair entitled “Research 
Project” is to contribute to the overall education within the students chosen 
degree program. This document, the associated hardware, software, drawings, and 
other material set out in the associated appendices should not be used for any 
other purpose: if they are so used, it is entirely at the risk of the user. 
 
 
Dean 
Faculty of Health, Engineering & Sciences 
 
 
iii 
 
 
Certification 
I certify that the ideas, designs and experimental work, results, analyses and 
conclusions set out in this dissertation are entirely my own effort, except where 
otherwise indicated and acknowledged. 
 
I further certify that the work is original and has not been previously submitted 
for assessment in any other course or institution, except where specifically stated. 
 
 
 
 
Scott Cox 
U1002971 
 
 
 
 
______________________________________  
       Signature 
 
 
    20/10/2013 
_____________________________________ 
  Date 
 
 
 
iv 
 
 
Acknowledgements 
This project was carried out under the principal supervision of Dr Ray Malpress 
and Dr Les Bowtell. I would like to offer my sincere appreciation to them both 
for their support and guidance throughout the completion of this dissertation. As 
they will be aware, I have found the completion of ENG4111 and ENG4112 a 
daunting task at times and I am very grateful for their approachability, 
understanding and encouragement throughout. 
 
I would also like to acknowledge Professor David Buttsworth for his substantial 
contributions towards this project. David‟s resolute enthusiasm and continual 
support has been essential to making it a reality.    
 
Finally I would like to thank my friends and family for their support and 
assistance throughout this year, whether deliberate or not. In particular I would 
like to thank Miss Nalani Cooper for her enduring patience and relentless 
encouragement.  
 
 
 
         Scott Cox 
 
University of Southern Queensland 
October 2013 
 
 
 
 
 
v 
 
 
Table of Contents 
Abstract…………………………………………………….…….…………………………… i 
Acknowledgements…………………………………………………………..………………iv 
List of Figures……………………………………………….………………………………..x 
List of Tables…………………………………………………..…………………………..xiii 
Symbols & Acronyms………………………………….…………………………………..xiv 
Chapter 1 - Introduction................................................................................................ 1 
1.1 Project Purpose .............................................................................................. 1 
1.2 Project Inception ............................................................................................ 2 
1.3 MEC2402 - Stress Analysis............................................................................. 5 
1.4 The Proposed Experiments............................................................................. 8 
1.4.1 Experiment One – Shaft Torsion ................................................................ 9 
1.4.2 Experiment Two – Unsymmetric Bending ................................................. 9 
1.4.3 Experiment Three – Normal Stress in Beams .......................................... 10 
1.4.4 Additional Requirements .......................................................................... 10 
1.5 Initial Design Concept .................................................................................. 12 
1.6 Project Scope ................................................................................................ 13 
1.7 Research Objectives ...................................................................................... 14 
1.8 Summary ....................................................................................................... 14 
Chapter 2 - Literature Review ..................................................................................... 15 
vi 
 
2.1 Introduction .................................................................................................. 15 
2.2 Laboratories in Engineering Education ........................................................ 16 
2.2.1 History ...................................................................................................... 16 
2.2.2 Current Trends ......................................................................................... 17 
2.3 Effectiveness of Laboratory Education ......................................................... 19 
2.4 Simulation vs. Physical Experimentation ..................................................... 21 
2.5 Remote Access Laboratories ......................................................................... 22 
2.5.1 Background ............................................................................................... 23 
2.5.2 Current Global Position of the Technology .............................................. 24 
2.5.3 Pedagogical Aspects .................................................................................. 26 
2.5.4 Design ....................................................................................................... 28 
2.6 Applicable Australian Standards and Handbooks ........................................ 29 
2.6.1 SAA HB 59-1994: Ergonomics - The human factor ................................. 30 
2.6.2 AS 3590-1990 Screen-based workstations ................................................. 30 
2.6.3 AS 4024-2006: Safety of machinery .......................................................... 30 
2.7 MEC2402 Course Study Materials ............................................................... 31 
2.7.1 MEC2402 Stress Analysis – Study Book .................................................. 31 
2.7.2 Mechanics of Materials – Beer & Johnston (2009)................................... 32 
2.8 Conclusions ................................................................................................... 32 
Chapter 3 - Project Methodology ................................................................................ 34 
3.1 Chapter Overview ......................................................................................... 34 
3.2 Design Methodology ..................................................................................... 35 
3.2.1 Primary Design Objectives ....................................................................... 37 
3.2.2 Design Subsystems .................................................................................... 41 
3.3 Manufacturing Methodology......................................................................... 42 
3.3.1 Communication between Designer and Manufacturer .............................. 43 
vii 
 
3.4 Testing and Evaluation Methodology .......................................................... 43 
3.4.1 Testing and Evaluation of manufactured components ............................. 44 
3.4.2 Analysis of Experimental Concepts .......................................................... 44 
3.4.3 Final Testing and Evaluation ................................................................... 45 
3.5 Consequential Effects ................................................................................... 46 
3.5.1 Safety Issues .............................................................................................. 46 
3.5.2 Ecological Considerations ......................................................................... 48 
3.5.3 Ethical Issues ............................................................................................ 50 
3.6 Project Resource Analysis ............................................................................ 51 
3.6.1 Resource Requirements – Project Design and Evaluation ....................... 51 
3.6.2 Resource Requirements – Project Manufacture ....................................... 52 
3.7 Project Schedule ........................................................................................... 53 
3.8 Chapter Summary ........................................................................................ 53 
Chapter 4 - The Design Process .................................................................................. 56 
4.1 Chapter Overview ......................................................................................... 56 
4.2 Frame Design ................................................................................................ 57 
4.2.1 Requirements of design ............................................................................. 58 
4.2.2 Touch Screen Computer ........................................................................... 59 
4.2.3 General Dimensions .................................................................................. 60 
4.2.4 Material Selection ..................................................................................... 62 
4.2.5 Proposed Design ....................................................................................... 63 
4.2.6 Castor Selection ........................................................................................ 64 
4.2.7 Joinery Specification ................................................................................. 67 
4.2.8 Analysis of proposed design ...................................................................... 68 
4.2.9 Design Outcomes - Frame ........................................................................ 72 
4.3 Experimental Requirements and Limitations ............................................... 73 
viii 
 
4.3.1 Available Experiment Area ...................................................................... 74 
4.3.2 Experiment Base Design Modification ...................................................... 76 
4.3.3 Experiment Service Requirements ............................................................ 76 
4.3.4 Generic Requirement of Experiment Design ............................................ 77 
4.4 Shaft Torsion Experiment Design ................................................................ 78 
4.4.1 Relevant Theory – Shaft Torsion ............................................................. 79 
 Material Selection ..................................................................................... 81 4.4.2
4.4.3 Primary Component Selection .................................................................. 85 
4.4.4 Design Outcomes - Shaft Torsion Experiment ......................................... 88 
4.5 Unsymmetric Bending Experiment Design ................................................... 89 
4.5.1 Relevant Theory – Unsymmetric Bending ............................................... 90 
4.5.2 Material Selection ..................................................................................... 97 
4.5.3 Primary Component Selection ................................................................ 100 
4.5.4 Design Outcomes – Unsymmetric Bending ............................................ 102 
4.6 Normal Stress in Beams Experiment Design .............................................. 103 
 Relevant Theory – Normal Stress in Beams .......................................... 104 4.6.1
 Material Selection ................................................................................... 107 4.6.2
 Primary Component Selection ................................................................ 109 4.6.3
 Design Outcomes – Shaft Torsion Experiment ...................................... 110 4.6.4
4.7 Guarding ..................................................................................................... 111 
4.8 Chapter Summary ...................................................................................... 113 
Chapter 5 - Results and Discussion ........................................................................... 114 
 Chapter Overview ....................................................................................... 114 5.1
 Summary of Design Achievements ............................................................. 115 5.2
 Testing of Experimental Concepts ............................................................. 117 5.3
5.3.1 Concept Testing – Shaft Torsion Experiment ........................................ 119 
ix 
 
5.3.2 Concept Testing Results – Unsymmetric Bending ................................. 120 
5.3.3 Concept Testing Results – Normal Stress in Beams .............................. 121 
5.3.4 Summary of Concept Testing Result ...................................................... 123 
 Achievement of Design Objectives ............................................................. 124 5.4
 Manufacturing Outcomes ........................................................................... 126 5.5
 Chapter Summary ...................................................................................... 129 5.6
Chapter 6 - Conclusions ............................................................................................. 130 
6.1 Chapter Overview ....................................................................................... 130 
6.2 Achievement of Project Objectives............................................................. 131 
6.3 Further Work & Recommendations ........................................................... 134 
6.4 Conclusion .................................................................................................. 136 
List of References ....................................................................................................... 137 
Appendix A - Project Specification ........................................................................... 142 
Appendix B - Ethical Approval Documents – Course Examiner Interview .............. 144 
Appendix C - Stress Analysis – Student Data .......................................................... 158 
Appendix D - 2002 ABET Colloquy – Laboratory Objectives .................................. 161 
Appendix E - User Perception Survey - Proposed .................................................... 163 
Appendix F - Project Schedule Details ..................................................................... 166 
Appendix G - Project Risk Assessment – During Project ......................................... 168 
Appendix H - Project Risk Assessment – Beyond Project Completion .................... 176 
Appendix I - Technical Data & Drawings ................................................................. 184 
Appendix J - MATLAB Scripts................................................................................. 195 
 
 
 
  
x 
 
 
List of Figures 
Figure 1.1 - Experimental rig introduced into MEC2402 in 2013 ................................. 4 
Figure 1.2 - Average distribution of MEC2402 course delivery methods since 2009 .... 6 
Figure 1.3 - Comparison of average MEC2402 grade distribution ................................ 7 
Figure 1.4 - Deformation due to torsion in a circular shaft .......................................... 9 
Figure 1.5 - Bending of an unsymmetric section ........................................................... 9 
Figure 1.6 - Beam subject to a concentrated mid-span load………………………..….10 
Figure 1.7 - Initial remote access laboratory apparatus design concept…………..…..12 
Figure 3.1 - Steps in the engineering design process ................................................... 36 
Figure 3.2 - Torsion problem from course text book ................................................... 38 
Figure 3.3 - Beam bending problem from course text book ........................................ 38 
Figure 4.1 - Initial frame concept model ..................................................................... 57 
Figure 4.2 - Electrical enclosure and touch screen used on hydraulics RAL project .. 58 
Figure 4.3 - Dell OptiPlex 9010 All-in-One computer ................................................. 59 
Figure 4.4 - Principal dimensions of Dell OptiPlex 9010 All-in-One ........................... 59 
Figure 4.5 - Dell OptiPlex 9010 All-in-One with articulated base .............................. 60 
Figure 4.6 - Summary of available frame length dimensions ....................................... 61 
Figure 4.7 - Proposed hollow section steel frame ........................................................ 64 
Figure 4.8 - Overview of specified castor types ........................................................... 64 
Figure 4.9 - Method of specifying the required load capacity of castors ..................... 65 
Figure 4.10 - Comparison of common castor tyre materials ........................................ 66 
Figure 4.11 - Summary of castors available in grey rubber ......................................... 66 
Figure 4.12 - Colour selected for sheeting of frame – Laminex™ Charcoal ................ 67 
Figure 4.13 - Horizontal span of SHS to be analysed for serviceability ...................... 68 
Figure 4.14 - Proposed handle design to be analysed .................................................. 68 
xi 
 
Figure 4.15 - Overview of SHS span to be analysed .................................................... 69 
Figure 4.16 - Overview of handle geometry and loading scenarios ............................. 71 
Figure 4.17 - Overview of frame design results ........................................................... 73 
Figure 4.18 - Overview of area available for mounting of the three experiments ....... 74 
Figure 4.19 - Overview of experiment orientation and available experimental area ... 75 
Figure 4.20 - Proposed concept design of Shaft Torsion Experiment ......................... 78 
Figure 4.21 - Example of deformation associated with an applied torsion .................. 79 
Figure 4.22 - Vertical displacement of moment arm ................................................... 85 
Figure 4.23 - Linak 23 Techline Actuator ................................................................... 86 
Figure 4.24 - PT Global PT4000 load cell ................................................................... 86 
Figure 4.25 - Example of delta strain gauge rosette .................................................... 87 
Figure 4.26 - Preliminary design outcome - Shaft Torsion Experiment ...................... 88 
Figure 4.27 - Proposed concept design of Unsymmetric Bending Experiment ............ 89 
Figure 4.28 - Example of symmetric bending .............................................................. 91 
Figure 4.29 - Examples of unsymmetric bending ........................................................ 91 
Figure 4.30 - Example of centroidal axes for an arbitrary cross-section ..................... 92 
Figure 4.31 - Orientation of principal centroid axes in an equal angle profile ............ 92 
Figure 4.32 – Examples of a moment aligned/misaligned with PCA ......................... 93 
Figure 4.33 - Mohr's circle for determining the orientation of PCA ........................... 94 
Figure 4.34 - Suggested orientation of the y and z axes for calculation of I values .... 94 
Figure 4.35 - Results obtained via the use of Mohr's circle ........................................ 95 
Figure 4.36 - Alignment of bending couples with PCA's of unequal angle ................. 95 
Figure 4.37 - Calculation of N.A when moment couple is misaligned to PCA's ......... 96 
Figure 4.38 - Proposed steel free hanging mass - All sides 88mm in length ............. 101 
Figure 4.39 - Preliminary design outcomes - Unsymmetric Bending Experiment..... 102 
Figure 4.40 - Proposed concept design of the Normal Stress in Beams Experiment . 103 
Figure 4.41 - Beam subject to a mid-span concentrated point load  ........................ 104 
Figure 4.42 - Calculation of support reactions for a simply supported beam ........... 105 
Figure 4.43 - Shear force and bending moment diagrams ......................................... 105 
Figure 4.44 - Preliminary design outcomes - Normal Stress in Beams Experiment .. 110 
Figure 4.45 - Proposed apparatus design without guards ......................................... 111 
Figure 4.46 - Proposed design of polycarbonate guard .............................................. 112 
xii 
 
Figure 4.47 - Overview of proposed apparatus design ............................................... 113 
Figure 5.1 - Overview of design achievements ........................................................... 116 
Figure 5.2 - Purchased experimental materials ......................................................... 117 
Figure 5.3 – Results of conducting Shaft Torsion concept testing ............................ 119 
Figure 5.4 - Results of conducting Unsymmetric Bending concept testing ............... 120 
Figure 5.5 - Theoretical N.A. orientation for concept testing ................................... 121 
Figure 5.6 – Results of conducting Normal Stress in Beams Concept testing .......... 122 
Figure 5.7 - Results of frame fabrication process ...................................................... 127 
Figure 5.8 - Results of frame powder coating ............................................................ 127 
Figure 5.9 - Final result of frame manufacture ......................................................... 128 
Figure 5.10 - Final result of frame manufacture - inside ........................................... 128 
 
 
 
  
xiii 
 
 
List of Tables 
Table 4.1 - Local availability of high strength aluminium round bar ......................... 81 
Table 4.2 - Summary of mechanical properties of available aluminium round bar ..... 82 
Table 4.3 – Summary of endurance limit calculations for available alloys ................. 83 
Table 4.4 - Results of MATLAB simulation - Shaft Torsion ...................................... 84 
Table 4.5 - Selection of locally available aluminium unequal angle ............................ 97 
Table 4.6 - Summary of endurance limit calculation for aluminium unequal angles .. 98 
Table 4.7 - Results of MATLAB simulation - Unsymmetric Bending ........................ 99 
Table 4.8 - Selection of locally available mils steel flat bars……………………….....107 
Table 4.9 - Results of MATLAB simulation - Normal Stress in Beams ................... 108 
Table 5.1 - Measured material sizes vs. nominal material sizes………………...........117 
Table 5.2 - Summary of theoretically predicted results............................................. 118 
Table 5.3 - Summary of predicted results for nominal / actual material sizes……...118 
Table 5.4 - Summary of concept testing results…………………..……………………123 
  
xiv 
 
 
Symbols & Acronyms 
   Radius / maximum distance from neutral surface 
   Diameter 
   Modulus of Elasticity 
   Standard earth gravity        ⁄   
   Modulus of Rigidity 
        Moment of Inertia 
      Product of Inertia 
   Polar moment of inertia 
   Length 
   Moment 
   Force, concentrated load 
  
   R.R. Moore, endurance limit 
    Endurance limit 
    Ultimate tensile strength 
     Ultimate shear strength 
    Yield Strength 
     Shear yield strength 
   Torque 
   Distance from neutral surface 
   Shearing strain 
   Angle of twist 
   Shearing stress 
   Normal stress 
   Normal strain 
   Deflection 
 
ALARP As low as reasonably possible 
CHS  Circular Hollow Section 
EA  Unequal Angle 
FMS  Flat mild steel 
GPa  Gigapascal 
MPa  Megapascal 
N.A.  Neutral Axis 
PCA  Principal Centroidal Axis 
RAL  Remote Access Laboratory 
SHS  Square Hollow Section 
USQ  University of Southern Queensland 
  
1 
 
 
Chapter 1  
Introduction 
“Engineering is a practicing profession, a profession devoted to 
harnessing and modifying the three fundamental resources 
that humankind has available for the creation of all 
technology: energy, materials, and information. The overall 
goal of engineering education is to prepare students to practice 
engineering and, in particular, to deal with the forces and 
materials of nature.”  (Feisel & Rosa 2005) 
 
This chapter provides a brief overall understanding of the purpose of this project 
as well as clearly defining the boundaries of the undertaking. Through analysis of 
the background, the proposed experiments and the undergraduate engineering 
course for which they are intended, it is expected this chapter will develop a firm 
foundation on which to establish the remainder of the project. 
1.1 Project Purpose 
The ultimate purpose of this project is to design and manufacture a physical 
experimental apparatus intended to enhance the educational outcomes for 
students undertaking the course „Stress Analysis‟ at the University of Southern 
Queensland (USQ). The current USQ Course Examiner for Stress Analysis 
(MEC2402) has proposed the development of a portable, remotely accessible item 
of laboratory equipment comprising a series of three separate experiments. These 
proposed experiments are further discussed in Section 1.4.  
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It is the intention of this project to ensure the mechanical design of this 
equipment is of the highest possible standards in two principal dimensions, 
physical quality and pedagogical merit. Attainment of the desired high standard 
for the completed equipment will be achieved through comprehensive 
investigation of relevant pedagogical aspects in addition to mechanical design 
principals. This approach is expected to ensure a close alignment between the 
delivered outcomes and the MEC2402 course learning objectives. 
 
Whilst the core purpose of this project centres on the design and manufacture of 
a series of proposed experiments it is important to consider the broader objective 
of this endeavour. Primarily driven by the MEC2402 Course Examiner, the 
objective is to expose future students of the course to physical experiments and 
demonstrations. These should be designed to impart a sense of the real world and 
help reinforce the purpose behind the theoretical aspects taught. 
 
Until 2013, experiments and demonstrations did not form part of the MEC2042 
course structure. Student learning was instead based solely on the theoretical 
concepts presented. The vast majority of topics covered in this course have 
previously not been practically demonstrated at any time during an 
undergraduate engineering program at USQ. 
 
The mechanisms and processes by which the Course Examiner‟s broader aim is 
achieved are considered beyond the scope of this project. Despite this it is 
acknowledged that developing an appropriate background understanding critical 
is to the success of this undertaking. The following Sections 1.2 and 1.3 explore 
this relevant project background. 
1.2 Project Inception 
This section provides a brief background of the project origins. A key aspect of 
this process was to formally establish the intentions of the current MEC2402 
Course Examiner with regards to implementation of this project‟s outcomes into 
future offerings of the Stress Analysis. Documentation of these professional 
opinions is seen as vital to the analysis of the results of the project, specifically 
whether the final outcomes align with original task expectations. 
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The following professional opinions of the current Course Examiner were obtained 
during a formal interview process. Appendix B provides details of the USQ 
ethical clearance obtained in order to document the interview outcomes. The 
Course Examiner has had a total of twenty years academic teaching experience 
and fifteen years teaching or moderating MEC2402 at USQ 
 
Describe the factors which resulted in the inception of this project. 
 
I was eager to convey to students the fact that the theories 
presented in stress analysis are not just mathematics or 
physics. The theories presented in Stress Analysis offer 
reliable engineering approximations which can be used to 
simulate the real load carrying capacity and deflection of a 
range of simple structures in many applications.  Without an 
exposure to experiments which physically demonstrate such 
reliability, students may fail to appreciate the value of such 
engineering analyses (Buttsworth 2013). 
 
Based on your past academic teaching experience do you believe students benefit 
from exposure to laboratory experiments and demonstrations? 
 
Yes.  I believe carefully designed laboratory experiments 
should be integrated with the coursework to which they 
relate and can effectively reinforce theories, enhancing 
learning outcomes. Many engineering students seem to have 
little experience to laboratory or field hardware, so 
additional exposure to such equipment is surely a good thing 
(Buttsworth 2013). 
 
During the 2013 offering of the course a simple experiment rig was used to 
perform and record in-class demonstrations and experiments based around a 
number of key topics covered in Stress Analysis (see Figure 1.1). In addition, data 
was taken from these experiments and presented electronically so as to form part 
of the course assignments. The introduction of this temporary experimental rig 
was used to further develop the requirements of the proposed remote laboratory 
apparatus. 
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Figure 1.1 - Experimental rig introduced into MEC2402 in 2013 
 
Describe the effectiveness of the implementation of the existing experimental rig 
in the 2013 offering of the course. 
 
I was pleased with the demonstrations that were performed 
in the 2013 offer of Stress Analysis.  Although I was unable 
to offer students the opportunity to engage with the 
hardware on a personal level, having the analysis of results 
from the demonstrations as a corner-stone question in each 
of the three assignments was good.  Students engaged in 
discussions on study desk to tease out the essential 
information and define the assumptions that needed to be 
made in order to proceed with the analysis.  A feature of 
each of the demonstration questions was a request for 
students to reflect on the reliability / accuracy of the 
analysis.  The depth of the responses offered by many 
students indicated a level of engagement with the work 
which does not occur when students provide solutions to 
simple textbook-like questions (Buttsworth 2013). 
 
With respect to apparatus design, what key aspects would you consider vital to 
the successful implementation of laboratory equipment? 
 
1. Safety 
2. Accessibility, the capacity for students to personally 
experiment with the apparatus. 
3. Capacity to demonstrate the reliability of theoretical 
analyses. 
4. Integration with relevant coursework (Buttsworth 2013). 
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Briefly describe the reasoning behind the selection of the three proposed 
experiments. 
 
The three proposed experiments align with Stress Analysis 
coursework and can form a significant component of each of 
the 3 assignments (Buttsworth 2013). 
 
What do you hope to gain through the use of remote access technology? 
 
I want to offer all students – on-campus and external – the 
learning benefits that can follow from exposure to physical 
hardware and reinforce the value of Stress Analysis to 
aspiring engineers (Buttsworth 2013). 
1.3 MEC2402 - Stress Analysis 
MEC2402 - Stress Analysis is a course undertaken by a significant number of 
University of Southern Queensland (USQ) students. This body of students 
includes all those completing a Mechanical, Civil, Mechatronic, Environmental 
and Agricultural Bachelor of Engineering Major. The principle topics covered in 
the course include the relationship between stress and strain within engineering 
materials and structures and how to calculate either in a given situation. Stress 
Analysis also addresses the stability and strength of machines and structures 
while under load (USQ 2013). MEC2402 - Stress Analysis has four primary course 
objectives which define expected student learning outcomes. USQ (2013) outlines 
these as: 
 
1. Review and apply the principles of static equilibrium 
to the analysis of structures such as pressure vessels, 
beams and torsion members. 
 
2. Evaluate stress and strain within various structures 
by applying appropriate engineering theories. 
 
3. Formulate solutions to problems requiring the 
application of suitable engineering theories for stress 
and strain 
 
4. Locate and calculate the highest equivalent stress on 
any section of a beam or shaft undergoing simple or 
combined loading, and determine if yield failure will 
occur 
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Since 2009, an average of 228 students per year have enrolled to study MEC2402 
at USQ (refer to Appendix C). From this total number of students, an average of 
149.6 students have been considered as „external‟ with the remainder studying on-
campus at either the Toowoomba or Springfield campus. Figure 1.2 represents 
this average distribution. Clearly „external‟ students form the largest component 
of the overall student cohort. 
 
 
Figure 1.2 - Average distribution of MEC2402 course delivery methods since 2009 
 
Stress Analysis is designated as a second year course in all relevant engineering 
disciplines at USQ. The course has CIV1501 (Engineering Statics) as a pre-
requisite. MEC2402 introduces students to a large number of new and challenging 
concepts designed to develop theoretical understanding required in subsequent 
courses from each disciplines. Topics covered in the course include: 
 
 Normal stress and strain 
 Pressure vessels 
 Shear Stress and strain 
 Torsional members 
 Stress analysis 
 Strain analysis 
 Theories of elastic failure 
 Normal stress in beams 
 Shear stress in beams 
 Combined loading 
 Elastic plastic analysis 
 Buckling 
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MEC2402 is considered to be an academically challenging course. To highlight 
this concept, Figure 1.3 draws a comparison between the averages of student 
grades in Stress Analysis compared with the average distribution of grades across 
all USQ engineering courses as provided by Ahfock (2013). It is important to note 
the data used to generate this plot only considered students who participated in 
all course assessment items. Appendix C provides details of the data used for the 
MEC2402 results. 
 
As Figure 1.3 shows, MEC2402 has on average, significantly fewer HD, A and B 
grades and more C and F (fail) grades than the USQ average for engineering 
courses. This is seen as a clear reflection on the level of difficulty students 
associate with completing Stress Analysis. 
 
 
 
 
Figure 1.3 - Comparison of average MEC2402 grade distribution 
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1.4 The Proposed Experiments 
A series of three individual experiments mounted on a single portable frame have 
been proposed by the Course Examiner based on his extensive academic teaching 
experience. It is proposed that these three experiments should, instead of being 
physically manipulated by students, be automated and configured for control 
either locally or remotely through the use of the internet and a computer 
interface. This is commonly referred to as either a remote access laboratory 
(RAL) or simply a remote lab. 
 
Remote labs have emerged during the last decade as an important educational 
resource (Lowe et al. 2012a). Their necessity results from the introduction of 
systems of distance education in undergraduate courses. Remote labs enable 
students to perform investigations using real experimental equipment. However 
unlike traditional hands-on experiments, remote labs do not require students to 
be physically present to participate. A typical remote access laboratory 
incorporates computer software/hardware, automation equipment and sensory 
devices to perform experiments and provide digital feedback of results.  
 
Given the significant number of remote or external students typically involved in 
Stress Analysis each year it is likely the use of remote access technology will offer 
important advantages to engineering students at USQ.  In addition to increased 
accessibility, advantages also include a high level of user safety and equality of 
learning outcomes for all students whether on-campus or external. Learning 
outcomes expected through the use of RAL systems is further investigated in 
Chapter 2. 
 
Through the use of remote access technology it will be possible to design and 
construct the desired experimental apparatus to maximise student and staff 
safety. Considering manipulation and measurement of all experimental 
parameters will be achieved electronically, the use of appropriate guarding could 
isolate users from harm whilst permitting complete visual inspection of results. 
Improved user safety is seen as a significant advantage of configuring the 
proposed experiments as a remote lab. 
 
The three proposed experiment concepts are arbitrarily numbered and briefly 
described in the following Subsections 1.4.1 through 1.4.3. 
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1.4.1 Experiment One – Shaft Torsion 
This experiment will physically demonstrate the elastic-range and angular 
deformation associated with applying a torque to a member of circular cross-
section. In addition the experiment should be capable of analysing the strains and 
therefore stresses induced within the material by the load conditions. These real-
life measurements will demonstrate a close correlation to values theoretically 
predicted through appropriate Stress Analysis calculations. 
 
 
Figure 1.4 - Deformation due to torsion in a circular shaft (Beer & Johnston 2009) 
 
1.4.2 Experiment Two – Unsymmetric Bending 
This experiment will demonstrate the concept of unsymmetrical bending in a 
cantilever beam section. This should involve the student theoretically calculating 
the orientation of the principal centroidal axes (PCA‟s) and the neutral axis 
(N.A.) for a given cross-section and load condition. Results will then be compared 
to experimental measurements to reinforce the student learning experience and 
understanding of the concept. 
 
 
Figure 1.5 - Bending of an unsymmetric section (Beer & Johnston 2009) 
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1.4.3 Experiment Three – Normal Stress in Beams 
The third experiment will demonstrate a number of phenomena associated with 
the application of an internal bending moment to a statically determinate, 
constant cross-section beam. It is proposed that a simply supported, centrally 
loaded configuration would provide the most valuable student outcomes for the 
introduction of these topics. These loads would be limited to maintain stress 
within the elastic limit of the material. 
 
 
Figure 1.6 - Beam subject to a concentrated mid-span load (Beer & Johnston 2009) 
 
1.4.4 Additional Requirements 
In addition to requirements already identified, a number of other characteristics 
are critical to achieving a successful design for the complete apparatus. Several 
key design objectives are listed below. A complete list is presented in Section 3.2. 
 
1) Limited overall physical dimensions 
It has been requested by the Course Examiner that the complete rig should 
be relatively small, based on a desire to transport the device around the USQ 
campus/s if required. As such the completed unit must be able to easily fit 
through standard doors and into lifts. This parameter will therefore be the 
primary consideration governing the size during design work. 
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2) Ease of transport  
The design of the rig should readily enable transport around any USQ 
campus. It is suggested that the rig should be mounted on wheels fit for this 
purpose and provisions be included to facilitate this type of manual handling. 
In addition the total mass of the completed unit must be within a range 
suitable for handling by a minimum of one person. 
 
3) Strong correlation of physical results with theory  
A core purpose of this project is to design and construct experimental 
equipment which will provide a link for students between real phenomena and 
theoretical concepts presented in MEC 2402. As such it is seen as vital to 
ensure the results obtained and observed are highly repeatable and within an 
appropriate range of accuracy. Failing to achieve this requirement will likely 
negate any benefits associated with physically demonstrating related theory. 
 
4) Achieve high quality results within provided budget 
The implementation of this project requires a significant financial input from 
USQ. Whilst the development and application for a suitable budget have not 
been included in this document, strict budget constraints have been imposed. 
As a result, care must be taken throughout to ensure the effective use funds. 
Although the design phase of this project is to be conducted free-of-charge, all 
costs associated with the manufacture and commissioning of the device will be 
covered by USQ. Conducting high-quality design work will be crucial to 
achieving this requirement. 
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1.5 Initial Design Concept 
In order to ensure the reader gains a suitable perception of the overall design 
concept, Figure 1.7 shows a solid model generated early in the project to support 
project approval and funding. The reader should note the following key aspects of 
the model. 
 
 Transparent cover – (shown opaque) under which the three proposed 
experiments are mounted. This cover will eliminate potential risks to users 
during laboratory operation. 
 Touch screen PC – Used for local control of the experiments in addition 
to experiment control during remote access. 
 Electrical enclosure – Containing all automation control equipment 
 Frame – Base onto which experiments, touch screen PC and electrical 
enclosure are mounted. Note the inclusion of castors (shown in yellow) to 
facilitate ease of transport. 
 
 
Figure 1.7 - Initial remote access laboratory apparatus design concept 
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1.6 Project Scope 
The following section aims to clarify what this project intends to achieve. Given 
the nature and complexity of the undertaking it is important to clarify these 
boundaries to provide some perspective of the intended project. 
 
Firstly it is important to separate the intensions of this research project with the 
project as a whole to which it contributes. Specifically, this research project 
intends to establish the requirements of the proposed laboratory apparatus, 
investigate relevant pedagogical issues, perform and present all required 
mechanical designs and supervise the manufacture of the device. The following 
components of the design and manufacture are outside the scope of this research 
project. 
 
 Application for the required funding 
 All electrical design work including programming of control systems. 
 Electrical wiring work 
 Computer interface design. 
 Design work associated with enabling remote access of the experiments. 
 Method by which it is incorporated into MEC2402 
 
The intention has been to complete apparatus manufacture within the timeframe 
of the research project. Despite this, final outcomes have been limited by a 
number of external factors. These include timeline for the application and 
approval of the required funding and the availability of all required goods and 
services. As a result, manufacturing work will continue after the date of thesis 
submission. 
 
This project clearly aims to establish a case supporting the development of this 
apparatus via a thorough investigation of literature relating to this subject. This 
literature review component will serve as a foundation for the design process. 
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1.7 Research Objectives 
This dissertation aims to achieve a number of research objectives. The primary 
research objectives are to: 
 
A. Formally establish the opinions of the MEC2402 Course Examiner with 
respect to the introduction of an experimental component of the course 
and how it is believed this will advantage future Stress Analysis students 
 
B. Establish whether each of the specific experiments outlined in Section 1.4 
can be designed and manufactured on a small scale using commercial 
automation hardware to provide results that demonstrate a strong 
correlation with the theory presented in MEC2402.  
1.8 Summary 
This chapter has provided a brief overall understanding of the purpose of 
undertaking this project as well as clearly defining the boundaries of the task. 
This research project specifically intends to design and manufacture a physical 
remote access experimental apparatus intended to enhance the educational 
outcomes for students undertaking the course Stress Analysis at USQ. The 
apparatus should include a series of three separate experimental concepts as 
selected by the MEC2402 Course Examiner. 
 
This research project is defined by the following requirements: 
 
 Establish the requirements of the proposed laboratory apparatus 
 investigate relevant pedagogical issues 
 Perform and present all required mechanical designs 
 Supervise the manufacture of the device as time permits.  
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Chapter 2 
Literature Review 
2.1 Introduction 
The following chapter reviews literature relevant to the implementation of a 
laboratory component into undergraduate engineering education. The review will 
initially aim to provide a background into laboratory style education from a 
historical and modern day stand point. Considering the objective of this project is 
to generate the designs for a series of remote access experiments the investigation 
will consider the benefits and draw-backs associated with the technology. As part 
of this process comparison will be drawn between the remote access of physical 
experimental equipment and the use of virtual simulations as a potential solution. 
Finally a number of documents relevant to the design of the equipment shall be 
reviewed including appropriate Australian Standards and MEC2402 course 
materials. 
 
It is seen as essential to thoroughly investigate all literature relevant to this 
research project. Developing a context within which project sits, will enable 
independent assessment of the appropriateness of the proposed remote access 
laboratory design.   
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2.2 Laboratories in Engineering Education 
This section investigates literature relating to the use of laboratories in 
engineering education. Topics covered will include the history, effectiveness and 
current trends in this area.  
 
Mackechnie and Buchanan (2012) suggest most universities use laboratory 
education as an essential part of the undergraduate engineering curriculum. The 
role and nature of this style of education is however rapidly changing and being 
complicated by a number of factors (Feisel & Rosa 2005).  The introduction of 
systems of distance learning programs, in particular has resulted in many new 
developments in this area. This trend has in turn generated a reinvigorated 
debate amongst authors as to the fundamental objectives of laboratory style 
education. 
2.2.1 History 
Laboratories have long been used as an integral component of an undergraduate 
engineering education (Grayson 1993). Even before the establishment of formal 
systems of education, practical experience has been the cornerstone of the 
engineering profession. Feisel and Rosa (2005) indicate that engineering was 
originally taught in an apprenticeship style system in which students learnt 
through designing, analysing and building their own projects. This education was 
based almost entirely on practical observations. 
 
Systems of formal engineering education began to appear in universities around 
the world in the middle of the eighteenth century (Johnston 1999). These 
institutions established curricula that placed substantial influence on laboratory 
instruction. Feisel and Rosa (2005) suggest that from these early years, tension 
between the theory and the practical elements of education began to arise. 
Despite this Stephan (2002) found that drafting and laboratory work remained 
central parts of the engineering curriculum up until the end of the Second World 
War.  
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Following these years of conflict, a large number of inventions that occurred as a 
result of the war were developed by individuals educated as scientists rather than 
engineers (Feisel & Rosa 2005).  As a consequence the American Society for 
Engineering Education (ASEE) appointed a committee to recommend a course of 
action to ensure engineering education kept pace with developments in science 
and technology. The committee‟s findings, known as the Grinter Report, 
determined that engineers where being produced too practically orientated and 
not sufficiently equipped to seek solutions from first principles (ASEE 1955). It 
was recommended by the committee that engineering educators needed to 
concentrate on developing students‟ abilities in scientifically based subjects such 
as mathematics, chemistry and physics. 
 
Feisel and Rosa (2005) indicate that these recommendations were quickly adopted 
by the American Engineer‟s Council for Professional Development (ECPD).  This 
resulted in a rapid shift in the style of the typical engineering education. Focus 
moved from practical aspects of engineering education including laboratory work 
to more academic and theoretical subjects. As a result engineers soon began to 
graduate highly competent in theory yet lacking in practical ability. This 
imbalance was formally recognised in ASEE reports released in 1967, 1986 and 
again in 1987. 
2.2.2 Current Trends 
It is well documented that despite decades of intention to improve the quality of 
laboratory components in engineering schools many inadequacies currently 
remain. King (2008) published the findings of a comprehensive report on the 
outcomes of a project by the Australian Council of Engineering Deans (ACED) 
into the supply and quality of engineering graduates for the 21st century. The 
report found that many Australian universities need to urgently upgrade or renew 
their engineering laboratory facilities. Students had noted situations where out-of-
date and unreliable equipment was being unacceptably used to demonstrate 
engineering principles and measurement techniques. The report also noted that 
many international academics and some students had been exposed to far 
superior laboratory experiences and equipment in their home countries than could 
be found in most Australian universities.  
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Another recent report published by Kostulski and Murray (2010) focused on the 
results of a national engineering laboratory survey involving all Australian 
universities offering undergraduate engineering programs. The report outlines a 
number of key findings which highlight current laboratory trends. Selected 
outcomes are summarised below: 
 
 Academic staff often rank practical sessions as the most essential 
component of their subjects however acknowledge a general lack of focus 
in this area.   
 Successful delivery of project-based laboratory work is increasingly reliant 
on flexible student access. 
 Technical staff suggested specialised, inflexible laboratories are most prone 
to under-utilisation. 
 
Whilst it is apparent that further attention needs to be directed at improving the 
overall quality of laboratory education in engineering programs, a large number of 
authors have published work focusing on another aspect of current laboratory 
trends. Feisel and Rosa (2005), Ma and Nickerson (2006) and Corter et al. (2007) 
all indicate that the role of the laboratory in engineering education has undergone 
a rather rapid transformation in recent years. The modern trend in laboratory 
developments is divided between the use of hands-on, simulation or remote-access 
experiments (Corter et al. 2007). A significant amount of literature can be readily 
identified which deals with the issues associated with introduction of these diverse 
styles of laboratory experience. 
 
Ma and Nickerson (2006) completed an extensive literature review of on these 
three laboratory styles and provide excellent interpretations of the characteristics 
which define each. Hands-on labs are distinguished by two particular attributes. 
Firstly that all equipment required is physically set up and secondly that the 
students performing the experiments are physically present in the lab. Simulated 
labs are distinctly dissimilar to hands-on labs as they are purely imitations of real 
experiments. Computers are used to digitally „simulate‟ the results expected in 
practise without the presence or manipulation of any physical hardware.  
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Remote labs on the other hand are similar to hand-on laboratories and are 
characterised by mediated reality. Similar to hand-on labs, they still require 
physical experimental equipment. The difference however is that remote labs offer 
the potential for geographical detachment of users. Fujita, Cassaniga and 
Fernandez (2003) and Gustavsson (2002) indicate that remote labs are becoming 
more popular.  
 
Ma and Nickerson (2006) assert that there are advocates and detractors for each 
of these three laboratory styles. This sentiment is also shared by Corter et al. 
(2007). 
2.3 Effectiveness of Laboratory Education 
There is general acceptance amongst educators as to the value of practical 
laboratory work in engineering education (Feisel & Rosa 2005). This notion is 
further supported by Corter et al. (2007) who suggests engineering educators 
believe hands-on experiences form a necessary supplement to the more passive 
experiences such as attending lectures and reading text books. In addition 
Doughty (1992) indicates that practical experiments are key to the relationship 
between meaning and understanding.  
 
Edward (2002) conducted a study and review of student and staff perceptions of 
laboratory tasks in engineering education. The study concluded that engineering 
students see laboratory work as a vital component of their education as they 
often perceive themselves to be involved in a career path that is practically 
orientated. This concept was reinforced by Doughty (1992) who found that 
separating practical work from theoretical lectures created division in the mind of 
students instead of creating the valuable links between theory and practical 
application which often reinforces basic concepts. This notion was further 
supported by Edward (2002) who went on to indicate that many academic staff 
consider that labs typically afford engineering students with „a feel for what the 
numbers mean‟ beyond what worked theoretical examples can provide. 
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Edward (2002) continued by suggesting that considering the majority of 
engineering students expect to find future employment in industry rather than as 
researchers it is important that the design of laboratory apparatus reflect 
industrial needs. The study also determined that a well-designed laboratory 
experience may form the “cement that binds the student‟s curriculum together 
and may make an invaluable contribution to the engineer‟s professionalism”. 
 
Despite the large amount of published literature supporting the use of 
laboratories in engineering education only a relatively small body of work exists 
into the actual effectiveness of the methods. This perception is supported by 
Edward (2002) and Lowe et al. (2009). Corter et al. (2007) proposes that this is 
due to lab experiments often being built by engineers or scientists who typically 
write about technical design matters rather than issues relating to educational 
effectiveness.  
 
Although there is seemingly unanimous support amongst authors and educators 
for the use of physical experiments, there is however widespread disagreement 
about the effectiveness of using new technologies in laboratory design (Corter et 
al. 2007). This relates particularly to the implementation of simulations and 
remote access technologies as a substitute for traditional hands-on experiment. 
 
Imbrie and Rahhaven (2005) argue that there is no significant difference between 
the education outcomes achieved through the use of remote access laboratories 
when compared to physically carrying out an experiment. This position is 
supported by Sonnenwald, Whitton and Maglaughlin (2003) who demonstrated 
through evaluation of conceptual learning that remote laboratories are as effective 
as hands-on experimentation. In contrast, a number of authors are critical of 
remote labs such as Keilson, King and Sapnar (1999) who argue that students are 
likely to be distracted and impatient with the computers. In turn this will harm 
the student‟s engagement with the experiment.  
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The effectiveness of simulated labs appears to be the most emotive amongst 
authors on this subject. While advocates initially championed simulations as the 
solution to increasing expenses of physical laboratories they now see them as 
being more efficient and of equal effectiveness as traditional laboratories (Ma & 
Nickerson 2006). Critics of this style of laboratory on the other hand propose that 
exposure to simulations will result in students developing a distinct disconnect 
between the real and virtual worlds (Magin & Kanapathipallai 2000). It is also 
noted by Canizares and Faur (1997) that the costs of developing simulation are 
not necessarily lower than real labs. 
2.4 Simulation vs. Physical Experimentation 
Considering a physical remote-access experimental rig has been proposed for this 
project, it is seen as valuable to undertake a short review of the literature relating 
to the comparison of simulations and physical experimentation. 
 
Firstly it is important to clarify the terms involved. „physical experiments‟ relate 
not only to traditional hands-on experiments but also the use of technology to 
manipulate physical laboratory equipment remotely, via the internet. Remote 
laboratories are similar to hands-on in that they are part of the real world and 
reflect physical devices (Koretsky et al. 2008). This differs dramatically from 
simulation technology in which mathematical models are used to digitally 
replicate physical phenomena (Koretsky et al. 2008).  Corter et al. (2007) believe 
that even though simulations have been widely adopted in education; the 
majority of educators feel they lack important pedagogical characteristics. It is 
generally agreed that currently, physical experiments cannot be completely 
replaced by simulations (Feisel & Rosa 2005). 
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Jona et al. (2011) conducted a comparative study into the financial and 
pedagogical costs associated with physical experiments (primarily remote access) 
and simulations. The study found that while not as cost effective, student 
interactions with real experimental equipment typically afforded them a greater 
sense of reality, higher trustworthiness of data and more authentic inquiry into 
results obtained compared to a similar experiment with simulated data. It was 
also determined that the student involved in the study naturally associated 
physical experiments with real error and therefore acknowledged, analysed and 
reasoned with the variability in their data. In contrast simulated labs were seen 
to inhibit such questioning.  
 
Marshall and Young (2006) summarised from their study that simulations tended 
to cause test subjects to focus purely on quantitative output of results rather 
than the more natural plan-test-theorise cycle associated with physical 
experimentation. These observations were also noted by the earlier work of Roth, 
Woszczyna and Smith (1998). 
 
Considering the literature presented in this section it is clear that constructing a 
physical experiment is the best option for improving educational outcomes for 
future students of Stress Analysis. Considering the aim of the Course Examiner 
to impart a sense of the „real world‟ to students it is clear that performing 
simulations of the proposed experiments would not serve to reinforce student 
understanding but merely graphically depict the text book theory. 
2.5 Remote Access Laboratories 
The emergence of technologies that has allowed the monitoring and manipulation 
of physical laboratory equipment has facilitated recent developments in  remote 
access laboratories (Lowe et al. 2009). An investigation into the literature 
surrounding remote access laboratories yields a large body of work. This section 
aims to provide an appropriate overview of the subject to impart an elementary 
understanding of the technology and its place in engineering education. 
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2.5.1 Background 
As undergraduate engineering programs began to be offered via distance 
education the issue arose of how to deliver students the necessary laboratory 
experience required (Feisel & Rosa 2005). Bengiamin et al. (1998) suggest that 
the usual approach to this problem was to have students perform laboratory 
exercises at other nearby institutions or in concentrated on-campus laboratory 
courses. Despite the introduction of numerous early technological additions to 
distance education such as video recording and computers, nothing changed the 
practise of distance education as much as the advent of the internet (Feisel & 
Rosa 2005). The internet combined with the emergence of commercial automation 
hardware facilitated the development of remote laboratories (Corter et al. 2007).  
 
The mid 1990‟s saw the earliest examples of the use of remote access technologies 
to manipulated physical laboratory experiments (Aktan, Bohus & Crowl 1996), 
(Lowe et al. 2007). Shor, Bohus and Atkan (2011) provide a comprehensive 
historical background on the development of the first remote laboratories in 
education with which they were heavily involved. In generally however, there is 
very little published literature on the history of remote access laboratories. 
Despite this, it is clear that remote labs are becoming more popular (Gustavsson 
2002), (Fujita, Cassaniga & Fernandez 2003). 
 
Lowe et al. (2012b) suggest that over the last 15 years an increasing amount of 
attention has been directed towards providing remote access to physical 
laboratory apparatus. Early research into this technology predominantly focused 
on the technical evolution however has shifted in recent times towards an 
emphasis on pedagogic aspects. This is confirmed by El-Sayed and Sven (2010). 
Despite this trend, it has been noted by Lowe et al. (2007) and Corter et al. 
(2007) amongst others, that there currently remains a lack of conclusive research 
on the subject. 
 
Regardless of these, issues Lindsay and Stumpers (2011) firmly assert that remote 
laboratories are becoming an increasingly credible addition to modern engineering 
education programs. Remote access laboratories are now in use in many 
engineering schools across the world (Corter et al. 2007). 
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2.5.2 Current Global Position of the Technology 
Lowe et al. (2008) indicate there has been growing worldwide interest in the use 
of remotely accessible laboratories. Remote labs are now operating in a large 
number of universities around the world. The most cutting-edge examples are 
current found at The University of Technology Sydney (UTS) and The 
Massachusetts Institute of Technology (MIT). This is confirmed by Zubia and 
Alves (2011) who also mentions the LiLA project in Europe as amongst the most 
important remote labs for engineering education. In addition Jona et al. (2011) 
draws reference to the newly formed Global Online Labs Consortium (GOLC) 
which seeks to combine the resources of these and other institutions. 
 
Considering remote labs allow students to remotely interact with real laboratory 
equipment irrespective of their physical location the primary global focus has 
been on developing the concept of large-scale, cross-institutional sharing of 
facilities (Lowe et al. 2009). The following is a summary of the previously 
mentioned world-leading facilities in the sharing of remote access laboratories. 
 
iLab (MIT, USA) – Initially commencing in 1998 with a single semiconductor 
experiment, iLab now includes are large range of science and engineering labs 
covering topics such as microelectronics, chemical engineering, polymer 
crystallisation, structural engineering and signal processing (MIT 2013). To date, 
iLabs have been used by over 4,500 students for the completion of credit-bearing 
assignments (MIT 2013) 
 
Labshare (UTS, Australia) – Labshare is a not-for profit venture funded by the 
Australian Government Department of Education, Employment and Workplace 
relations. Lowe et al. (2009) state that the mission of Labshare is to create a 
nationally shared network of engineering remote laboratories. The project is led 
by UTS as a joint initiative also involving Curtin University, UniSA, RMIT and 
QUT (Lowe et al. 2009). The UTS Remote Laboratory facility is the largest of its 
kind worldwide and comprises a total of more than 40 separate experiments 
across engineering and science (UTS 2013). Despite this only a small portion of 
these experiments are currently available via the Labshare project.  
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LiLa (Europe) – LiLa is an acronym for „Library of Labs‟, an initiative of eight 
European universities and three enterprises for the mutual exchange of remote 
and virtual laboratories. The primary target groups of the project are university 
teachers and students of natural sciences and engineering. LiLa currently 
comprises of a total of 14 separate engineering experiments (LiLa 2013). 
 
Global Online Labs Consortium (GOLC) – GOLC was recently formed at MIT 
with the purpose of promoting the development, sharing of, and research into 
remotely accessible laboratories for educational use. The consortium currently has 
18 voting member institutes included all those involved with the Labshare, iLab 
and LiLa projects. 
 
While a review of literature into the current global position of remote lab 
technology was able to find anecdotal evidence of these and other current 
examples, published literature with specific details of all universities world-wide 
who have implemented the technology appears scarce. It is evident however that 
a large number of universities are currently using or planning on implementing 
the technology. Australian universities alone with remote lab facilities include the 
University of Technology Sydney, Curtin University, University of Southern 
Queensland, University of Queensland, Queensland Institute of Technology, 
University of South Australia, Royal Melbourne Institute of Technology and 
Swinburne University (Lowe et al. 2008). 
 
As a final note on this topic, it is of interest to mention that whilst several 
examples of simulation are commercially available there currently exists no off-
the-shelf remote laboratory systems available for purchase (Ma & Nickerson 
2006). This lack of availability has also been confirmed for the present year by 
conducting a comprehensive internet search on the topic. As a consequence Ma 
and Nickerson (2006) believe that all remote labs in use today have been custom 
made to suit the desires of academic staff. 
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2.5.3  Pedagogical Aspects  
Prior to delving into this subject area it is seen as appropriate to formally define 
the term „pedagogy‟ to ensure the reader is familiar with the term. (Oxford 2013) 
define pedagogy as „the method and practice of teaching, especially as an 
academic subject or theoretical concept‟. In short, pedagogy refers to the art or 
science of teaching. 
 
Lowe et al. (2012b) assert that early research into remote laboratories centred on 
technical evolution as opposed to the associated pedagogical implications. 
Research into remote laboratories has recently begun to shift towards 
consideration of the pedagogical elements involved (Lowe et al. 2012b). A study 
of the available literature in this area seems to indicate generally favourable views 
towards remote access technologies from this point of view. This is particularly 
true when comparisons are made between simulations and remote access of 
physical experiments. 
 
In their short paper on student perceptions of remote labs Jona et al. (2011) 
argue that there are unique educational advantages to using remote labs in place 
of simulations. These include providing an understanding of the influence of error 
and natural variability in experimental data. This review will however 
concentrate on available literature which draws a comparison between remote 
labs and hands-on experiments given the seemingly unanimous support for this 
traditional laboratory style as established in Section 2.3.  
 
Whilst most authors on the subject of remote lab pedagogy do not explicitly 
discuss the matter, it is clear that the ultimate goal of advocates of the 
technology is to prove that it is at least as effective as traditional hands-on labs. 
Sonnenwald, Whitton and Maglaughlin (2003) for instance stated, as a result of 
their thorough investigation of conceptual learning, that remote labs where just 
as effective as hand-on. In addition other authors such as Ogot, Elliot and 
Glumac (2003) and Corter et al. (2004) demonstrated that the differences in 
learning outcomes associated with one lab environment versus the are not 
significant. 
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Bright et al. (2008) state that while the transition towards increased usage of 
remote labs may appear on the surface to be a simple change of access mode, 
there are a wide range of factors at play. The environment in which learning 
occurs whether online or face to face involves a complex array of factors that 
influence learner achievement and satisfaction (Stein & Wanstreet 2003). Bright 
et al. (2008) believe that if these factors are not properly considered during the 
design of a laboratory experience have the potential to significantly affect student 
learning outcomes. Their study reviews these factors and the impact each may 
have on learning outcomes. The primary conclusion of the work is to assert that 
the complexity of the factors should not be underestimated.  
 
Despite this cautious position it is agreed by Bright et al. (2008) in addition to 
Ma and Nickerson (2006) that remote labs have a clear ability to expand the 
reach of pedagogy to large numbers of geographically dispersed students.  
Furthermore considering the trend towards substantial sharing of facilities 
amongst institutions, remote labs can provide students with experiences that 
would have otherwise been financially or logistically inaccessible (Lowe et al. 
2009). In addition to these suggested benefits Lowe et al. (2012b) argue that 
remote access laboratories provide an exciting opportunity for educators because 
the interaction between student and experiment are now mediated through 
computer software. In this way it is believed that educators now have greater 
control over pedagogical aspects of the student laboratory experience. 
 
Lindsay and Stumpers (2011) continue further by suggesting that remote 
laboratories offer significant advantages over traditional hands-on experiments. 
These advantages are said to include a large improvement in pedagogical 
efficiency by eliminating the human setup and tear down time associated with 
many hands-on experiments. It was even stated by Esche (2002) that “it is 
pedagogically advantageous to conduct open laboratories where students can 
return later at their personal discretion and convenience to repeat and refine their 
experiments as required”. 
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In conclusion, a review of the literature in this area clearly indicates that the 
study of pedagogical aspects of remote labs is currently an area of strong research 
interest. Many authors have published statements calling for more conclusive 
work on the subject before a conclusive judgment can be made. Despite this, the 
sentiment of the vast majority of authors appears overwhelming in support of the 
technology. 
2.5.4 Design 
Considering this literature review seeks to form the basis of this projects design 
process, it is seen as important to investigate literature which relate specifically 
to this subject. Despite this intention however the investigation has revealed a 
significant lack of quality technical data relating to the design of remote-access 
laboratories. This is particularly true of literature relating to the „physical‟ design 
of experimental rigs. Available literature instead focuses on the importance of 
experiment design with regard to meeting laboratory learning objectives. Feisel 
and Rosa (2005) for instance state that “designing a laboratory experience 
without clear instructional objectives in like designing a product without a clear 
set of design specifications”. 
 
A document which is very often referred to in literature relating to experiment 
design in general is the outcomes of the 2002 ABET Colloquy which focused on 
laboratory education. (Lowe et al. 2012a) state that a key outcome of the 
discussions was a taxonomy defining thirteen diverse learning objectives for 
engineering laboratories. These objectives can be found in Appendix D of this 
document. The primary objectives relating to the experiment design are listed 
below: 
 
Objective 1: Instrumentation – By completing laboratories in an undergraduate 
engineering curriculum the student should be able to apply appropriate sensors, 
instrumentation, and/or software tools to make measurements of physical 
quantities (Feisel & Rosa 2005). 
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Objective 2: Models – By completing laboratories in an undergraduate 
engineering curriculum the student should be able to identify the strengths and 
limitations of theoretical models as predictors of real-world behaviours. This may 
include evaluating whether a theory adequately describes a physical event and 
establishing or validating a relationship between measured data and underlying 
physical principles (Feisel & Rosa 2005) . 
 
Objective 13: Sensory Awareness – By completing laboratories in an 
undergraduate engineering curriculum the student should be able to use the 
human senses to gather information and to make sound engineering judgements 
in formulating conclusions about real-world problems (Feisel & Rosa 2005). 
 
Clearly these broad objective share a close correlation to the professional opinions 
and project goals of the MEC Course Examiner as outlined in Section 1.2. As a 
result, meeting these objectives will form primary design considerations for this 
project.  
2.6 Applicable Australian Standards and Handbooks 
Standards are published guidance documents which define quality and safety 
criteria for large range of products, services and systems. In Australia standards 
are developed, reviewed and promoted by Standards Australia, a non-government 
organisation. Australian Standards are not legal documents; however they are 
often referred to in government legislation and therefore become mandatory.   
 
A number of standards are considered applicable to the design process of this 
project. These cover critical aspects such as safety through to considerations for 
ergonomics in design. Compliance with all appropriate Australian Standards in 
the design of this laboratory equipment will ensure the completed equipment is of 
a standard considered to be in-line with current best practice. Standards and 
Handbooks considered applicable to this project are summarised in the following 
subsections. 
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2.6.1 SAA HB 59-1994: Ergonomics - The human factor 
This handbook is intended as a basic guide to the subject of ergonomics. 
Ergonomics is a design philosophy which studies the interactions between people, 
the equipment they use and the environment within which they are placed 
(StandardsAustralia 1994). The document encompasses a practical approach to 
work systems design based on these principles. SAA HB 59-1994 covers many 
topics valuable to the design phase of this project. Primary relevant sections 
include human physical capabilities and physiological factors.  
2.6.2 AS 3590-1990 Screen-based workstations  
This standard covers a number of topics particularly useful for overall design of 
the experiment frame including suitable heights, visual fields and important 
safety considerations. StandardsAustralia (1990) indicate that a standing 
workstation should be approximately 950mm in height if fixed or be in the range 
of 900mm to 1100mm if adjustable. In terms of safety, the Standard suggests that 
electrically operated workstations must comply with AS 3100. In addition 
workstations should be free from any sharp edges, corners, protrusions or rough 
surfaces and moving parts should not create hazards such as pinch or shear 
points (StandardsAustralia 1990).  
2.6.3 AS 4024-2006: Safety of machinery 
This large and comprehensive guide to ensuring the safety of all machinery is 
particularly relevant to the design and implementation of the proposed 
equipment. AS 4024-2006 is a series formed by a large number of individual 
Standards covering a broad range of machinery safety topics. Topics include the 
design of interlocks and guards and principles of risk assessments. Strict 
adherence with this Standard throughout the project‟s design phase will be 
critical to identifying and eliminating or any unacceptable potential risks to 
future equipment users. 
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2.7 MEC2402 Course Study Materials 
MEC2402 Stress Analysis has two primary items of reference literature, a USQ 
published study book written specifically for the course and a commercially 
available text book which covers all course topics as detailed in Section 1.3.  
 
Ensuring an appropriate correlation between theoretically predicted results and 
those witnessed in reality on the completed experiments is a primary goal of this 
undertaking. As such, careful analysis of the theory contained in the MEC2402 
course materials will be vital to establishing these predicted results. The following 
two subsections provide an overview of the topics covered in these documents 
which specifically relate to the proposed experiments. 
2.7.1 MEC2402 Stress Analysis – Study Book 
The Study Book provided to students undertaking Stress Analysis forms a 
comprehensive guide to the subject. The document is separated into eleven 
chapters (or modules) covering all aspects of the course. While each of these 
modules has an element of relevance to the design of the proposed RAL 
apparatus the following are considered of primary importance: 
 
 Module 1 – Normal Stress and Strain 
 Module 3 – Shear Stress and Strain 
 Module 4 – Torsion Members 
 Module 5 – Stress Analysis 
 Module 6 – Strain Analysis 
 Module 8 – Normal Stress in Beams 
 
Whilst in some instances the MEC2402 Study Book acts as a stand-alone 
teaching resource, students are frequently directed to sections of the text book 
where the majority of concepts are presented and developed.  
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2.7.2 Mechanics of Materials – Beer & Johnston (2009) 
USQ (2013) indicates that Mechanics of Materials written by Beer and Johnston 
(2009) is the current textbook reference for MEC2402. The publisher of the text, 
McGraw-Hill (2013), clearly states that they consider the textbook is the 
undisputed global leader for the teaching of solid mechanics. The book is 
separated into 12 Chapters often sharing similarities to the MEC2402 Study Book 
Modules. All topics relating to experimental theory required in this project are 
comprehensively introduction, detailed and explored in this resource. 
2.8 Conclusions 
This chapter has successfully investigated a broad range of available literature 
relating to the implementation of laboratories in engineering education. Overall it 
appears apparent that the integration of a series of remote access experiments 
into Stress Analysis has a strong potential to be advantageous to student learning 
outcomes in the course. 
 
By firstly analysing the history and background of engineering education it 
became clear that the style of engineering training has evolved greatly in recent 
times. Despite the highly practical nature of early engineering training, a 
situation is widely recognised to exist in which many of today‟s engineers 
graduate rich in theoretical knowledge yet poor in practical understanding. It was 
demonstrated however, by authors such as King (2008) and Kostulski and 
Murray (2010) that there is currently strong intentions amongst educators to 
move towards correcting these issues. 
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In addition it was shown that an important current trend in laboratory education 
is towards the use of remote labs and simulations in place of traditional hands-on 
experiments. Feisel and Rosa (2005) among others suggest that this move was 
primarily driven by the introduction of systems of distance education around the 
world. It was shown in Section 2.3 that while there is almost unanimous support 
amongst authors for the use of physical hands-on experiments there is widespread 
disagreement about using these new technologies in laboratory design. This topic 
was further explored in Section 2.4, where it was concluded that the proposed 
physical remote access lab has a large number of advantages over the use of 
computer simulations as a potential project solution.  
 
Section 2.5 explored a number of issues relating to remote access laboratories 
specifically, and found that it is an area of much research interest and global 
growth. Despite a number of authors flagging the need for further conclusive 
research on the topic, authors such as Sonnenwald, Whitton and Maglaughlin 
(2003) and Corter et al. (2007) concluded that remote labs are just as effective as 
traditional hands-on labs.  
 
In conclusion it appears clear that there is an enormous amount of support for 
the use of laboratories in technically based degree programs such as engineering. 
Whilst a shortage of technical literature relating to the physical design of remote 
labs has been identified, it is believed that careful consideration of a number of 
factors referred to in this chapter will ensure a positive design outcome for this 
project. 
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Chapter 3 
Project Methodology 
3.1 Chapter Overview 
The following chapter provides the reader with a comprehensive understanding of 
the methodology implemented to ensure achievement of successful project 
outcomes. It is seen as important to firstly establish the design process which 
shall be applied before detailing the methods by which the manufacture of the 
generated designs shall be achieved. Following this, a summary of the testing and 
evaluation techniques to be applied to project outcomes shall be provided. 
 
After establishing these fundamental requirements an evaluation of the 
consequential effects of this project shall be presented covering critical aspects 
such as safety, ethical and ecological issues. The outcomes of this section will in 
turn heavily influence the design, manufacture and evaluation of the proposed 
experiments. Finally this chapter covers an analysis of resources required for 
project completion as well as a project schedule. 
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3.2 Design Methodology 
“Engineering problems are under-defined; there are many 
solutions, good, bad and indifferent. The art is to arrive at a 
good solution. This is a creative activity, involving 
imagination, intuition and deliberate choice.”      - Ove Arup 
 
The design methodology for this research project defines the process employed to 
take the proposed experimental apparatus as presented in Chapter 1 and achieve 
a successful final design outcome. Due to the complexity of this undertaking a 
clearly defined plan is seen as essential to achieving this outcome. It is important 
to firstly affirm that while many of the design decisions presented in the following 
chapters will be deliberate choices based on the results of analytical methods 
others will be based on design intuition alone. Ertas and Jones (1996) state that 
properly applying the correct balance between the use of intuition and more 
structured methods ensures the best design outcomes.  
 
Most authors recognise the importance of intuition in developing innovative 
solutions to design tasks especially during the concept formulation stage. Design 
by intuition does not involve any formally presented analysis, concepts are 
instead synthesized into solutions by combining elements of relevant prior 
experience  (Ertas & Jones 1996). In contrast, analytic methods of design are 
much more scientific in nature and involve following a well-defined process of 
design. This approach is seen as particularly valuable once concepts or potential 
solutions have been defined.  
 
Material presented by Ertas and Jones (1996) in their book The Engineering 
Design Process will provide the basis for much of the design methodology of this 
project. Figure 2.1 outlines the typical steps in the engineering design process for 
a generic project of significant complexity. It is recognised that not all steps will 
be applicable to this particular project. Relevant steps will be further discussed 
following figure presentation. 
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Figure 3.1 - Steps in the engineering design process (Ertas & Jones 1996) 
 
As Figure 2.1 demonstrates, the design process begins with recognition of need 
and ends with the production of the item. The initial chapters of this document 
have already defined a number of these steps, primarily the recognition of need as 
a result of both the Course Examiners proposal in Chapter 1 and the justification 
for the use of laboratories in Chapter 2. It is considered from this point that the 
next stage of the design process is to commence the preliminary and detailed 
design. Section 3.3 deals with the manufacture methodology which shall be 
applied to the final production of the proposed apparatus based on these designs.  
 
 
37 
 
3.2.1 Primary Design Objectives 
Subsection 1.4.4 of this document detailed some major design objectives of this 
project. These objectives define key requirements of the final apparatus design. 
These are numbered below: 
 
1) Comply with limited overall physical dimensions 
2) Design for ease of transport 
3) Ensure a strong correlation between physical results and theory 
4) Achieve high quality results within provided budget. 
 
Prior to the commencement of the actual design process it is seen as important to 
formally establish and detail all remaining design objectives which will influence 
this project. These will form a vital framework for achieving successful project 
outcomes. It is important to note that all design objectives have been numbered 
arbitrarily. The remaining design objectives are numbered and described below: 
 
5) Design experiments to ensure appreciable visual results 
Experiments should feature clearly visible deflections whilst under load. 
This is to help ensure the design complies with Objective 13 (sensory 
awareness) of the 2002 ABET colloquy as detailed in Subsection 2.5.4. 
Essentially a student should be able to use their human senses to gather 
information and make judgment about a situation. Despite the fact that 
highly accurate measuring equipment could be used to provide digital 
feedback of minute deflections, experiments should be designed to 
maximise this deflection to levels clearly apparent to the human eye. 
 
6) Provide all users with a very high level of safety 
The use a remote access apparatus will be extremely safe for remote users. 
However the completed apparatus will also be used locally by staff and a 
significant number of on-campus students. As such, ensuring the design of 
all aspects of the experiments considers the possible safety implications 
will be absolutely vital. This is supported by the Course Examiner, (refer 
to Section 1.2) who suggested that „safety‟ was the number one design 
criteria for successful laboratory integration into MEC2402. Section 3.5 of 
this report further explores potential apparatus safety issues. 
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7) Design experiments which appear familiar to students 
The experiments should be designed so that students can focus on 
relevant course concepts. This involves attempting to design the 
appearance of the experiments in a manner similar to how problems are 
presented in course learning material. It is considered that attempting to 
replicate „real‟ industrial style engineering systems on a laboratory scale 
would only serve to cloud a student‟s perception of the relationship 
between the theory and reality of Stress Analysis concepts. Similarly the 
experiments should not be designed to focus a student‟s attention on the 
use of automation equipment or remote access technology. As such this 
project aims to produce experiments which appear familiar to students 
and are easy to understand. The goal is to make the concepts appear as 
elementary and unintimidating as possible. Figure 2.2 and 2.3 are 
indicative of the style in which problems are presented in the course text 
book, Mechanics of Materials by Beer and Johnston (2009).  
 
 
Figure 3.2 - Torsion problem from course text book (Beer & Johnston 2009) 
 
 
Figure 3.3 - Beam bending problem from course text book (Beer & Johnston 2009) 
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Producing experiments which replicate the simplicity of these systems will 
allow students to form a direct link between what they have studied in 
the course material and how this might relate to a real life system. Clearly 
this will ensure achievement of the Course Examiners goal to provide this 
connection to students. 
 
8)  Aim to ensure students trust the authenticity of results 
Following the detailed discussion in Chapter 2, it was determined that 
creating physical laboratory experiments was the only way to impart a 
sense of the real world to students. The conclusion was drawn that 
creating simulations of the proposed experiments would not serve to 
reinforce student understanding but merely graphically depict the text 
book theory. Considering the proposed apparatus is to be a physical, 
remote access piece of equipment, care should be taken to ensure students 
„believe‟ that the results are generated independent of theoretical 
calculations.  
 
For example, loads will be applied to experimental systems through the 
use of linear actuators. By analysing the electrical input to these pieces of 
automation hardware, it is possible to accurately determine the 
displacement (deflection) and magnitude of any load being applied 
(Bowtell 2013). This data could then be output to the computer interface 
for students to record. However, why would a student trust these results 
any more than a text book theory? The experiments should instead, 
independently assess results through the use of sensory equipment such as 
load cells for weight and ultrasonic sensors for deflection. These tools 
should be in addition to the use of traditional visual measurement aids.   
 
9) Experiments should involve materials commonly used in industry  
The ultimate aim of this project is to provide students with a sense of 
how Stress Analysis theory relates to the real world. It was shown in 
chapter 2 that Edward (2002) suggests that the majority of engineering 
students expect to find employment in industry rather than as 
researchers. As such, it seems appropriate to integrate only real world 
materials into each of the experiments.  
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Whilst the majority of the theories presented in Stress Analysis are 
unaffected by material type, metals are seen as being highly relevant to 
students and future engineers. Commonly used metals include steel and 
aluminium. It is considered that most engineering students will be highly 
familiar with these materials.  
 
Many authors including Juvinall and Marshek (2005) suggest that steel is 
the most extensively used metal for structures and machine components. 
All steels are said to have essentially the same modulus of elasticity (E), 
typically reported to be equal to 200 GPa. The validity of this statement 
is however, not currently demonstrated at any time during an 
undergraduate engineering degree at USQ. It is therefore clear that 
students will encounter optimised educational outcomes through technical 
investigation of this material. 
 
Aluminium is also a widely used engineering material which would offer 
significant benefits to this apparatus through its use on any of the three 
experiments. Aluminium has relatively low values for its modulus of 
elasticity and modulus of rigidity when compared to other common 
metals. As such aluminium will typically exhibit larger deflections and for 
a given load. This will clearly assist in the fulfilment of primary design 
objective number five of designing experiments to ensure appreciable 
visual results. Further discussion with regards to material selection is 
included in Chapter 4 of this document. 
 
10) Produce an aesthetically effective design 
Considering this project, once completed, has the potential to be subjected 
to significant public exposure, it is seen of importance to ensure the visual 
appearance of the apparatus serves to reinforce the quality of the USQ 
brand. Producing a remote laboratory apparatus which appears of low 
quality (regardless of performance) would clearly be a poor final result for 
this project. Whilst achievement of this design ambition is rather 
subjective to assess, so too is the use of intuition in design to generate 
quality solutions. As a result, final achievement of this objective has been 
assessed in a similar manner. 
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3.2.2 Design Subsystems  
In order to commence design work in the following chapter it is first essentially to 
separate the proposed design into a series of subsystems. The numbering of each 
of these subsystems will later define the order of design progression. Design 
subsystems are numbered and described below. 
 
Design Subsystem 1 – Frame 
This will involve the design of a suitable „base‟ on which to mount the 
three proposed experiments, fit the touch-screen computer and safely 
house the electrical wiring and hardware. As per the requirements 
presented in section 1.4.4 the apparatus must fit within limited 
dimensions and be easily transportable. A critical outcome of the design of 
this subsystem is that it will define the area available for the three 
experiments. Preliminary experimental calculation will therefore be 
performed to ensure the appropriateness of the proposed experimental 
dimensions. 
 
Once the frame design is finalised and the area available for mounting the three 
experiments has been set, the design of each of the three experiments can 
progress. The specifics of how the experiments apply and demonstrate the 
relevant theories will form the initial design work in each case.  
 
Design Subsystem 2 - Shaft Torsion Experiment 
Design of this experiment involves generating a MATLAB script which 
receives a number of relevant variables as inputs. Inputs include material 
properties, shaft diameter and shaft length. Script outputs include the 
maximum torque that can be applied to the shaft and the corresponding 
angle of twist. This data will then be analysed in order to select an 
appropriate material, diameter of shaft and a maximum level of shear 
stress which can be induced in the shaft. The design process for this 
experiment will also involve selection of a strain gauge rosette which will 
provide students with the opportunity to compare the values of 
theoretical and actual strain/stress. 
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Design Subsystem 3 - Unsymmetric Bending Experiment 
The theory behind this experiment is the most complex of the three. The 
process of creating a design will again involve a MATLAB script capable 
of simulating the theoretical results of conducting an experiment. This will 
then be used to select the material and unequal angle profile which 
provides appreciable deflections and successfully concept demonstration. 
Specification of the maximum loading scenarios will also form a key 
outcome of this subsystem. 
 
Design Subsystem 4 - Normal Stress in Beams Experiment 
Creation of a MATLAB simulation of this experiment will allow for the 
direct comparison between a range of materials and cross-sections and 
permit an informed experiment design. The objective of this experiment is 
to demonstrate appreciable maximum material deflection with reasonably 
small load applications (less than 500 N). As with Experiment One, this 
experiment will also involve the preliminary selection of strain gauges to 
measure actual induced stress during experimentation.  
 
Design Subsystem 5 - Guarding – The final design subsystem involves the 
detailing of a polycarbonate (or similar) cover which will enclose all 
experiments during use and ensure ultimate user safety. Design work will 
centre on material selection and geometry. 
3.3 Manufacturing Methodology 
Production of components will be commenced on completion of each design 
subsystem and as funds become available. Mechanical manufacturing and 
assembly of this project will be primarily achieved by the author and through the 
use of specialised contractors as required. Whilst detailing manufacturing aspects 
are considered largely beyond the scope of this research project, they remain 
critical to the successful completion of the project as a whole. As such the design 
phase of this project must heavily consider the availability of skills, techniques 
and processes in order to ensure the manufacturability of the designs and 
minimisation of costs.  
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Ertas and Jones (1996) clearly state the importance of consideration for the 
manufacturing and assembly of products during the design phase. Aspects of 
manufacturing which must be well understood during the design phase include 
material selection, handling and processing, quality control, when to specify 
purchased components and assembly.  
3.3.1 Communication between Designer and Manufacturer 
In order to obtain successful results from the production of components, all 
manufacturers will be provided with detailed technical drawings complying with 
AS 1100. Appendix I contains all technical drawings completed as a result of this 
project. Production of drawings to the appropriate Australian Standard (AS 
1100) will ensure clear and efficient communication of design intentions between 
designer and manufacturer. 
3.4 Testing and Evaluation Methodology 
Testing and evaluation performed as part of this project will occur at variety of 
stages both to assist the design process and form valuable conclusions about final 
project outcomes. Testing and evaluation will be regularly performed following 
the completion of any manufacturing work to ensure the quality of delivered 
goods. Evaluation will also serve to assess how the physical components relate to 
the original design ambition. Concept testing will be performed on Design 
Subsystems 2, 3 and 4 (refer to section 3.2.2) to ensure each of the three 
experiments behave in a manner similar to theoretical calculations. Once design 
work is complete, evaluation of the overall physical apparatus will be performed 
to assess the achievement of all primary design objectives. The pedagogical merit 
of the operating apparatus shall be ultimately assessed via the results of a 
proposed user perception survey detailed in subsection 3.4.3. 
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3.4.1 Testing and Evaluation of manufactured components 
Assessments will be regularly performed during the manufacturing of project 
components to ensure the achievement of the expected high standards. 
Considering the design work for various sub-systems will be achieved exclusively 
through the use of reference material or designer intuition it will be important to 
assess the quality and characteristics of the completed goods to determine 
whether design ambitions are being achieved. This style of continual review will 
ensure any major unforeseen issues can be resolved before further manufacturing 
work continues. Primary aspects of manufactured components to be analysed will 
include dimensional accuracy and usability. Results of this process are not 
included in this document. 
3.4.2 Analysis of Experimental Concepts 
Prior to specifying final designs for the three experimental subsystems, this 
project aims to assess whether each of the experiments can be designed and 
manufactured on a small scale to provide results which share a strong correlation 
to theory presented in MEC2402. This process will ensure achievement of project 
research objective B as outlined in Section 1.7. In addition, data generated from 
this testing and evaluation will be used for the later calibration of automation 
hardware. Testing methodology for the three experiments will vary significantly. 
Preliminary details relating to each subsystem are provided below: 
 
 Shaft Torsion Experiment 
Suggested testing and evaluation includes accurately establishing the rate 
of shear strain for a given torsional load using the actual piece of material 
intended to be used on the experiment. The test apparatus will employ a 
combination of free hanging masses and accurate measuring equipment to 
manually obtain required results. 
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Unsymmetric Bending Experiment 
Having the most complex theory of all three experiments the 
Unsymmetric Bending Experiment will require detailed concept testing 
prior to final manufacture. Tests will be specifically required to ensure the 
accuracy of the MATLAB simulations created to model the behaviour of 
the system. This will involve the application of bending moments to an 
unequal angle beam at a selected orientation. Producing a system which 
provides physical results with a strong correlation to complex Stress 
Analysis theory will dramatically improve the pedagogical merit of this 
experiment. 
 
Normal Stress in Beams Experiment 
Concept testing of this experiment will share similarities to the Shaft 
Torsion Experiment. The primary testing requirements will be to 
manually determine and record the actual beams response to the 
application of known loading conditions.  
3.4.3 Final Testing and Evaluation 
Final project testing and evaluation will be carried out prior to thesis submission 
and be based on the analysis of the finalised design work and any manufactured 
components. Given the subjective nature of many of the ten primary design 
objectives detailed in section 3.2.1, attainment of certain targets may be difficult 
to formally assess. This document will attempt to independently evaluate these 
outcomes.  
 
Evidently, the proposed remote laboratory experiments will not be completed and 
integrated into Stress Analysis during the timeframe of this research project. As a 
result, final evaluation of the pedagogical benefit of the experiments must be 
performed following the submission of this dissertation. It is suggested that a user 
perception survey be included in the computer interface of the final apparatus. 
Programming this survey to appear on screen after students have used the 
experiments would provide an excellent opportunity to assess the impact of 
student‟s educational outcomes. Details of a proposed user perception survey are 
included in Appendix E. 
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3.5 Consequential Effects 
The following section evaluates potential issues which may arise as a result of 
undertaking this project. The assessment will focus specifically on safety, 
ecological and ethical issues and attempt to identify areas of latent concern and 
take steps to mitigate potential harm. 
3.5.1 Safety Issues 
Safety has always played a role in the work of engineers however increasing 
emphasis is now placed on the subject. In the past engineers typically gave first 
consideration to the functional and economic aspects of creating a new product. 
In contrast, safety is now the subject of increasing engineering effort and a key 
consideration of successful engineering design (Juvinall & Marshek 2005).  
 
Whilst safety is of substantial concern to legislators and attorneys, their role is 
purely to emphasise and enforce the importance of the safety in the development 
of engineered products. Engineers are however responsible for actually providing 
the community with safe products. Engineers must therefore be capable of 
identifying hazards associated with their designs and to quantify the relative 
severity and likelihood of occurrence.  
 
Juvinall and Marshek (2005) assert that safety is inherently a relative matter 
requiring judgements to be made regarding trade-offs between safety, cost and 
weight amongst other factors. Clearly this project has the potential to be affected 
by a large number of safety issues. As such a comprehensive project risk 
assessment must be performed prior to commencing any design or construction 
work. Outcomes of this risk assessment will then act as a valuable reference 
source for the design process presented in Chapter 4. The risk assessment is 
divided into two separate dimensions: 
 
1. Risks involved during the execution of the project. This will particularly 
pertain to the design, manufacturing and physical assembly and 
commissioning of the apparatus. Clearly a large number of hazards will 
exist during this phase, performing a comprehensive risk assessment will 
help eliminate these hazards or lower the likelihood of occurrence to 
acceptable levels.  
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2. Risk involved beyond the completion of the project. Considering the 
intention to implement the physical outcome of this project into USQ 
courses in future years, a critical aspect of the final design will be to 
ensure on-going staff and student safety. Conducting a risk assessment 
into this phase of the apparatus life cycle prior to commencing design 
work will assist in eliminating sources of potential future harm.  
 
The risk assessment process for this project consists of firstly using a USQ hazard 
checklist to assist in the identification of all potential hazards associated with the 
proposed RAL experimental apparatus. This process involves recognising the 
possibility for the occurrence of generic safety issues. Answering affirmatively to 
any of the hazards stipulates the need to implement appropriate control measures 
to either minimise the hazard or lower the associated risk. 
 
To summarise, risk arises due to the existence of hazards where: 
A hazard is a source of physical harm. 
A risk is the likelihood of harm occurring. 
 
Following identification in the hazard checklist, individual processes are 
documented with their associated hazards noted. Existing controls are then 
summarised before a risk rating is calculated. This is then subject to an „ALARP‟ 
(as low as reasonably possible) query to ascertain whether the existing controls 
and associated risk rating is acceptable or if additional controls are needed. 
Where required, additional controls are suggested followed by the calculation of 
an updated risk rating and ALARP review. All identified control measures must 
be implemented and/or included during completion of this project.  
 
Selection of additional hazard/risk control measures for this project has been 
based on the hierarchy of design published by the National Safety Council (USA) 
This document sets the order of design priority for designing products to 
minimise injury. The hierarchy order is as follows (Krieger & Montgomery 1992): 
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1. Design to eliminate and minimise risk 
2. Incorporate safety devices 
3. Provide warning devices 
4. Develop and implement safe operating procedures and employee safe 
training programs 
5. Use personal protective equipment (PPE) 
 
Complete details of the risk assessment process conducted for this assignment are 
contained in Appendix G and H. The primary conclusions affecting the apparatus 
design are summarised below: 
 
 Include an appropriate handle on the frame to facilitate transportation 
and control of the apparatus. 
 Design and select appropriate castors to provide a „fixed‟ front end and a 
„swivel and brake‟ rear end. This will ensure a high level of control during 
transport and minimise chance of uncontrolled movement. 
 Design entire apparatus to have a large base of support and a centre of 
gravity as low as possible. This will minimise the possibility of tip-over. 
 Installation of an interlock guarding system to ensure against accidental 
operation of experiments whilst the clear cover is removed. 
 Installation of a mechanical lock and warning stickers to cabinets to 
protect users from contact with live electrical componentry. 
 
Implementation of all identified control measures into the design process will 
ensure a high level of user safety. Achieving this objective will satisfy the 
requirements of Primary Design Objective number six, identified in section 3.2.1. 
3.5.2 Ecological Considerations 
EngineersAustralia (2010) specify that engineers are responsible for fostering the 
wellbeing of the environment. As such, this research project must appropriately 
consider ecological issues which relate the design, manufacture, operation and 
final disposal of the proposed experimental apparatus. Detailed below are a 
number of selected factors which are amongst those considered by Juvinall and 
Marshek (2005) to be of primary importance in minimising the ecological harm of 
engineering endeavours. 
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1. Select ecologically sensible materials - Important considerations should 
include the known natural availability of raw material and the energy 
requirements of material processing or manufacture. This also relates to 
the local availability of a material. Clearly minimising the distances from 
which a material must travel specifically to form a component of this 
project is an important ecological factor. 
 
2. Design for ease of replacement or updating of components – This concept 
involves designing a product so that individual components can be easily 
replaced or modified without the need to completely replace the product. 
This will dramatically increase the life span of the overall apparatus which 
in turn offers significant ecological benefits through the minimised 
material and manufacturing energy usage. 
 
3. Design for durability and long working life – Similar to the previous 
concept. A product should have the quality, robustness and durability of 
its design balanced against its expected life span to minimise the energy 
and material requirements. This is seen as a particularly important 
concept to minimising the ecological harm of this project. 
 
4. Select ecologically sensible manufacturing processes – Important aspects 
include consideration for any directly generated pollution, energy 
consumption as well as the efficiency of material usage. Selection of 
appropriate manufacturing processes is similar to the selection of 
ecologically sensible materials in that they should also strongly consider 
local availability in order to minimise ecological harm associated with 
unnecessary product transport. 
 
5. Design for recycling or disposal – Whilst not traditional an area of 
concern, it is becoming increasingly important for engineers and designers 
to consider the full ecological cycle and impact of their work. This 
complete cycle includes consideration for the eventual recycling or disposal 
of a product in addition to the manufacture and operation. Important 
factors include designing for ease of final dismantling and separation of 
recyclable materials. 
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3.5.3 Ethical Issues 
“Ethics is a set of standards by which a particular group 
decides to regulate is behaviour – to distinguish between 
what is legitimate or acceptable in pursuit of their aims and 
what is not” (Flew 1999) 
 
EngineersAustralia (2010) provides a code of ethics which outlines a list of 
guidelines for engineering practice. These guidelines cover integrity, competence, 
leadership and sustainability. It is of significant importance to ensure that this 
code of ethics be upheld at all times during the undertaking of this project. 
Inspection of the Engineers Australia Code of Ethics reveals two primary 
guidelines which are heavily related to this particular research project. These are 
as follows: 
 
Act on the basis of adequate knowledge – The final physical outcomes of this 
project are to be used for the educational benefit of future engineering students. 
As such it is important to ensure that all work carried out during this project is 
within the authors experience and in line with commonly accepted standards. 
This will strongly contribute towards ensuring high quality physical results and 
maximisation of potential pedagogical benefits. In accordance with 
EngineersAustralia (2010) and as part of this overall concept, the author also has 
a responsibility to inform the project supervision team if any aspects of the 
undertaking are outside of the areas of competence. 
 
Practise engineering to foster the health, safety and wellbeing of the community 
and the environment – Whilst the majority of these aspects have been previously 
covered in this chapter, it is important to identify them as ethical obligations of 
the project. EngineersAustralia (2010) suggests that health, safety and 
environmental considerations, amongst others, must be included in engineering all 
tasks. Successful implementation of the outcomes of the project safety issues and 
ecological considerations will ensure compliance with this ethical guideline. 
 
In addition to compliance with the Engineers Australia Code of Ethics this 
project requires additional USQ ethical clearance as detailed in Section 1.2. This 
relates to conducting the formal interview with the MEC2402 Course Examiner 
to establish his professional opinions regarding this project (refer to appendix B) 
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3.6 Project Resource Analysis 
The resources requirements for this project must be divided into two distinct 
parts. The first of these involves the resource requirements of undertaking of this 
research project specifically. The second relates to the broader objective of 
actually manufacturing and delivering the complete proposed experimental 
apparatus.  
3.6.1 Resource Requirements – Project Design and Evaluation 
Resource requirements of this research project mainly involve computer software 
for design as well as measuring tools for evaluation of any manufactured 
components.  Considering all of these resources are already owned by the author 
or readily available on the USQ computer network, availability is assured. 
Summary of the resources required to complete the design and evaluation phase 
of this project include: 
 
 Microsoft Word 2010 – For document creation and presentation. 
 Microsoft Excel 2010 – For initial analysis and comparison of results likely 
to be obtained through the use of certain materials and cross-sections in 
each experiment. 
 SolidWorks 2010 Premium – For generation of 3D rendered models of 
both concept drawings and final design. The program will also be used to 
generate 2D fabrication drawings for inclusion in project and for reference 
during manufacture.  
 MATLAB R2011b – For generating scripts which theoretically model the 
behaviour of the three proposed experiments. Outputs of this program 
shall then be used to draw comparisons between physically obtained 
results completed. This will form an important component of the testing 
and evaluation methodology for this report, as detailed in section 3.4.  
 Various engineering measurement tools – This includes use of items such 
as a tape measure, steel rules and Vernier calipers to evaluate the 
geometry and dimensions of manufactured components. 
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3.6.2 Resource Requirements – Project Manufacture 
The resources required to complete the final manufacture and commissioning of 
this project were preliminarily analysed at the commencement of this research 
project. This was completed in close collaboration with all project supervisors for 
the purpose of generating an estimated project budget. However considering the 
ambitious nature of this student project, specific details of all resource 
requirements is difficult to confirm. A preliminary summary of the requirements 
is provided below: 
 
 Metal fabrication facilities and skilled labour – For fabrication of the 
frame, experiment mounts and the experiment bases. 
 Metal machining facilities and skilled labour – For creating any machined 
components which cannot be readily purchased from suppliers. 
 Joinery – For sheeting the frame with appropriate materials. 
 Touch screen computer – To be purchased and fitted to frame to control 
experiments and provide interface for experimental activities.  
 Automation hardware – To be purchased from suppliers. Items will likely 
include linear and rotary actuators used to physically manipulate 
experiments. 
 Sensory equipment – To be purchased from suppliers. Items will likely 
include cameras, ultrasonic sensors and load cells to provide users will 
feedback of experimental results. 
 Plastic fabrication facilities and skilled labour – For custom-making of the 
proposed clear plastic cover over the 3 experiments. 
 Electrical design / installation facilities and licenced labour – For 
completing electrical design and installation work once physical apparatus 
is completed. Note: This is outside of the project scope. 
 Interface design – For programming of user control interface. Note: This 
is outside of the project scope. 
 Metal coating facilities – For application of protective coatings to the 
metal items such as the frame and experiment base. 
 Miscellaneous hardware supply – Such as any required fasteners or 
similar. 
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Successful completion of this project as per the project specification (refer to 
Appendix A) requires a significant financial input by USQ. The availability of 
this funding with respect to research project timelines will heavily influence the 
obtainability of manufacturing and specific testing objectives identified in the 
project specification. Appendix F contains details of the achieved project schedule 
with respect to funding. Specifics of project financial requirements have not been 
included in this document 
3.7 Project Schedule 
The project schedule description has been separated into two separate sections, 
namely the proposed and achieved project schedule (refer to Appendix F). The 
proposed project schedule covers the original project timelines that were 
predicted before commencement of project work. Alternatively the achieved 
schedule refers to the actual timeline that was realised during project completion.  
 
Comparison between these timelines will later assist in forming valuable 
conclusions about the effectiveness of the implemented project methodology. 
Inspection of project schedule details highlights that the achievement of project 
timelines was significantly different to the originally proposed schedule. This is 
contributed primarily to delays in the securing and availability of funding for the 
project. This is further discussed in Chapter 6 of this document.  
3.8 Chapter Summary 
This chapter has provided a comprehensive understanding of the methodology 
implemented to ensure achievement of successful project outcomes. Primary 
topics covered have included the design and manufacture methodologies, testing 
and evaluation methodologies and identification of the consequential effects. 
These effects included analysis of safety, ethical and ecological issues which may 
occur as a result of this project. In addition this chapter has also identified 
project resource requirements and evaluated the project schedule. 
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The design of the proposed experiments shall be achieved through a combination 
of intuition and analytic techniques. This was based on the assertion by Ertas 
and Jones (1996) that applying the correct balance between the use of intuition 
and more structured methods ensure the best design outcomes. Section 3.2.1 
outlined a series of ten Primary Design Objectives which formally identify the 
factors seen as critical to achieving successful project outcomes. These also form a 
vital framework for later testing and evaluation. 
 
Section 3.2.2 separated the proposed design into a series of five design subsystems 
which define the boundaries and logical progression of individual design tasks. 
These subsystems included: 
 
1) Frame 
2) Shaft Torsion Experiment 
3) Unsymmetric Bending Experiment 
4) Normal Stress in Beams Experiment 
5) Guarding 
 
The manufacturing methodology outlined in Section 3.3 established that the 
manufacturing aspects of the project are seen as largely outside the scope of this 
document. Despite this exclusion, it was recognised that consideration for 
manufacturing aspects will form a vital component of the design phase of this 
project. Important aspects include the availability of skills, techniques and 
processes in order to ensure the manufacturability of the designs and 
minimisation of costs. Manufacturing of the proposed apparatus in accordance 
with the outcomes of design process will be based on preparation of appropriate 
technical drawings. 
 
Testing and evaluation will occur at a variety of stages throughout this project in 
several key areas. These include testing and evaluation of manufactured 
components, evaluation of experimental concepts and final apparatus testing and 
evaluation. The results of this analysis will be used to form valuable conclusions 
about project outcomes.  
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Section 3.5 identified a number of important consequential effects of undertaking 
this project. Subsection 3.5.1 investigated relevant safety issues resulting in a 
series of design requirements necessary to minimise the risk of this project during 
and after completion. Subsection 3.5.2 investigated ecological considerations 
which should be taken into account during the design process to minimise any 
potential ecological harm. Subsection 3.5.3 explored ethical issues relating to the 
project and identified relevant ethical guidelines provided by the Engineers 
Australia Code of Ethics. Implementation of all recommendations proposed in 
this section will ensure minimisation or elimination of any foreseeable adverse 
project outcomes. 
 
The project resource analysis was detailed in section 3.6. Project resource 
requirements were divided into those necessary during project design and 
evaluation and those required during project manufacture. Limited resources are 
required during the design and evaluation phase as such these will be provided to 
the project by the author. The manufacturing phase will require a significant 
resource input, to be supplied through funding from USQ. The final section 3.7 of 
this chapter discussed details of the project schedule, both proposed and 
achieved. Final conclusions regarding the project schedule will be discussed in 
Chapter 6 of this document. 
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Chapter 4 
The Design Process 
4.1 Chapter Overview 
This chapter aims to complete the design of the proposed experiments through 
careful consideration of the material presented in the previous three chapters. 
This task has been divided into five separate design subsections as per details 
presented in Subsection 3.2.2. Individual design subsystems are: 
 
1) Frame 
2) Shaft Torsion Experiment 
3) Unsymmetric Bending Experiment 
4) Normal Stress in Beams Experiment 
5) Guarding 
 
Chapter 1 of this document provided an introduction to this project and briefly 
described the proposed experiments. Chapter 2 investigated relevant literature 
relating to laboratory education in engineering education. Finally, a large number 
of design requirements were identified in Chapter 3 which explored the specifics 
of the project methodology. The present chapter - The Design Process - seeks to 
effectively integrate all important aspects of this previous work and ultimately 
produce technical drawings of proposed designs. This chapter is presented in a 
functional style. 
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4.2 Frame Design 
The frame subsystem involves the design of a suitable „base‟ to mount the three 
proposed experiments, fit the touch-screen computer and safely house the 
electrical wiring and hardware. Figure 4.1 depicts initial concept model of the 
frame which was created for the project funding application. 
 
 
Figure 4.1 - Initial frame concept model 
 
In this model it can be seen that the large flat surface to the right of the image is 
intended for the later installation of the three experiments. The electrical 
enclosure shown was arbitrarily selected based on its previous use on the USQ 
hydraulics RAL project. This project involved the commissioning of a series of 
five separate RAL apparatuses, completed in December 2011. Each apparatus 
used an electrical enclose (600x900x450mm) mounted at a height sufficient for a 
touch screen computer to be installed into the door around eye level (see Figure 
4.2). The concept model for the frame instead located the enclosure underneath 
the bench top with the touch screen computer mounted into the upper surface 
facing upwards towards to users face. This was in order to maximise the users 
view of the experiments and keep the centre of gravity as low as possible to 
ensure stability. Four castors are shown on each lower corner of the frame to 
facilitate transport. 
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Figure 4.2 - Electrical enclosure and touch screen used on hydraulics RAL project 
 
This section summarises and considers all previously identified requirements for 
the frame and generate a final design ready for manufacture. Inclusion of the 
initial concept model is only in order to provide the reader with some context for 
proposed frame. Final frame design will differ considerably from this concept. 
4.2.1 Requirements of design 
Chapters 1 through 3 of this document identified a significant number of 
requirements which should be considered frame design. These are summarised 
below. The Frame should: 
 
 Comply with limited overall dimensions 
 Be designed for ease of transport 
 Include an appropriate handle to facilitate control of apparatus 
during transport 
 Feature castors which are fixed on the front end and a swivel 
and brake on the rear end. 
 Have a large base of support and a centre of gravity as low as possible 
 Have a mechanical lock fitted to electrical enclosures. 
 Be of high quality construction and designed for a long working life 
 Be designed for recycling or disposal 
 Use ecologically sensible materials 
 Feature an attractive design 
 Be free of any sharp edges, corners, protrusions or rough surfaces 
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4.2.2 Touch Screen Computer 
The computer selected for use on this apparatus is the Dell OptiPlex 9010 All-in-
One (touch screen model). This particular model is currently being used by USQ 
ICT and as such has been recommended for inclusion in this project. Being an 
„All-in-One‟ implies that the entire computer is contained within the „screen‟ and 
therefore no additional hardware is required for operation. 
 
 
 
Figure 4.3 - Dell OptiPlex 9010 All-in-One computer (source: www.dell.com) 
 
 
Figure 4.4 - Principal dimensions of Dell OptiPlex 9010 All-in-One 
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This computer is also available with an articulated stand which allows for 
significant angular manipulation of the screen about a horizontal axis. If available 
at the time of purchasing, this option would be highly desirable. 
 
 
Figure 4.5 - Dell OptiPlex 9010 All-in-One with articulated base (source: www.dell.com) 
 
4.2.3 General Dimensions 
It was stated in Subsection 1.4.4 that the completed rig must be of a relatively 
small scale based on a desire to easily transport it around any USQ campus. As 
such the apparatus frame must be able to fit comfortably through standard 
doorways and into elevators. This is in accordance with the Course Examiners 
requirements. Primary dimensions finalised in this section will include the finished 
width, length, height of the apparatus. 
 
Width 
The width of the frame (transverse to direction of travel) is to be specified 
with consideration for the dimensions of standard public building 
doorways. Details of these dimensions will be based on AS 1428.1-2009 
which outlines building design requirements for access and mobility. The 
standard indicates that the minimum clear opening of a doorway on a 
continuous accessible path of travel shall be 850 mm (StandardsAustralia 
2009). Many standard doorways are however narrower than 850mm. This 
is likely in accordance with the Building Code of Australia (BCA) 
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stipulation that no doorway shall be less than 750mm in width. This 
condition does not apply to doorways located in continuous accessible 
paths of travel (required for people with disabilities) as referred to by AS 
1428. Based on this information the overall width of the frame shall be 
arbitrarily set at a value of 700mm. 
 
Length 
The length of the frame must to be appropriately specified to ensure 
sufficient space for the installation of the touch-screen computer and 
experiments whilst facilitating ease of transport. It is also essential that 
the frame be short enough to fit within USQ elevators.  
 
 
Figure 4.6 - Summary of available frame length dimensions 
 
 
Investigation of selected elevators around USQ‟s Toowoomba campus has 
shown that the available dimensions are frequently in excess of 2000mm. 
The length of the frame shall therefore be set at 1400mm, a measurement 
equal to twice the frame width and seen to be aesthetically the most 
appropriate. 
 
 
 
62 
 
As is clearly shown in Figure 4.6, the length available for the three 
experiments will be equal to the frame length minus the approximate 
computer width of 580mm. This therefore leaves an 820mm maximum 
length for the experiments. The existing experimental rig from the 2013 
offering of Stress Analysis was able to produce quality results using 
approximately 600mm of experimental length. As such, 1400mm is seen as 
an appropriate overall frame length. 
 
 Height 
Subsection 2.6.2 of this document referred to details of AS 3590-1990 
which specifies that the overall height of non-adjustable screen-based 
workstations for standing users should be approximately 950mm in height. 
A completed apparatus height of 930mm has therefore been selected. This 
value was designated slightly lower than the suggested height in order to 
provide some capacity for later installation of components which my 
slightly raise the overall frame height. Consideration for this dimension 
was also made in regards to ergonomic and anthropometric factors 
presented in SAA HB 59-1994. 
 
In summary, following the brief analysis presented in the current section the 
finalised general dimensions for the apparatus include an overall width of 700mm, 
length of 1400mm and a height of 930mm. 
4.2.4 Material Selection 
The primary material selected for the fabrication of the frame is mild steel 
40x40x2.5 mm square hollow section (SHS). This cross-section has been selected 
based on the authors experience in the design of fabricated structures. 
Furthermore, identical SHS section has been previously specified for similar USQ 
RAL experiments providing excellent results. The wall thickness of 2.5mm was 
selected as it is considered to be the lightest section suitable for frame fabrication. 
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Steel has been designated as the most appropriate material for a number of 
reasons. Primary reasons include the following properties: 
 
 Strong, rigid and durable material 
 High natural availability of raw materials 
 High recyclability 
 Material and fabrication expertise are locally available 
 Can be easily modified after initial fabrication 
 
Many of these factors were identified in section 3.5.2 – Ecological Considerations. 
Therefore, steel appears to be a justified material selection for frame fabrication. 
The only other material which may have offered a potential solution is 
aluminium. Although aluminium is significantly lighter than steel it was 
considered to have excessive fabrication costs and inadequate strength and 
rigidity for the task. 
4.2.5 Proposed Design 
Instead of the overall frame concept illustrated in Figure 4.1, it has been 
concluded that an alternative design would be beneficial. Rather than purchasing 
and installing a commercial electrical enclosure underneath the frame, all surfaces 
should be sheeted in an appropriate material with doors installed along one side. 
This concept will allow the entire frame to act as the electrical enclosure. 
Principal advantages include the opportunity for all electrical wiring to be easily 
connected directly to automation hardware on the upper surface of the frame. 
 
As depicted in Figure 4.7 the proposed frame design includes a circular hollow 
section (CHS) handle across the entire width of one end of the frame. The handle 
is to be located on the end nearest the computer to enable close observation and 
support of the computer during transport. The handle shall be considered as a 
grab rail in accordance with AS 1428.1-2009. This standard indicates that grab 
rails shall not be less than 30mm nor more than 40 mm outside diameter. The 
clearance between the grab rail and any adjacent surface must be not less than 50 
mm and not more than 60 mm. In addition the rail must be capable of 
withstanding a force of 1100 N applied at any position and in any direction. 
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Figure 4.7 - Proposed hollow section steel frame 
 
The frame is to be powder coated in satin black. Powder coating will provide an 
aesthetically desirably hard wearing finish which will ensure a long frame service 
life. 
4.2.6 Castor Selection 
As specified in section 3.5.1 the frame should be made transportable through the 
use of castors. These shall be „fixed‟ one end and „swivel & brake‟ the other. 
Figure 4.8 shown below depicts these different castor styles. 
 
 
Figure 4.8 - Overview of specified castor types 
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Blackwoods (2013) provides excellent design advice with regards to castor 
selection. According to this source, primary aspects of appropriate castor selection 
include the load capacity and the choice of „tyre‟ material. Load capacity is 
considered the most important of these factors. If the capacity of the castors is 
too low the castors may fail potential causing injury. Figure 4.9, taken from 
Blackwoods (2013), identifies the correct method for specifying load capacities of 
4 wheel trolleys. 
 
 
Figure 4.9 - Method of specifying the required load capacity of castors (Blackwoods 2013) 
 
 
Considering the final design has at this point not been completed, the total 
apparatus mass is currently unknown. A conservative total mass has therefore, 
been assumed at 200 kg. In accordance with the procedure presented in Figure 
4.9 the minimum required load capacity of each of the four castors will be as 
follow. 
 
                          
 
Selection of castor tyre material has been in accordance with information 
presented by Blackwoods (2009),  shown in Figure 4.10. This resource compares 
all common materials and rates there performance in a number of key areas. 
 
 
 
66 
 
 
Figure 4.10 - Comparison of common castor tyre materials (Blackwoods 2009) 
 
 
Following careful inspection of this figure the material seen as the most 
appropriate for this project is grey rubber. The excellent shock absorbency and 
floor protection were the primary reasons for this selection. 
 
Having confirmed the load capacity and tyre material, final castor selection was 
then based solely on desired wheel diameter. Available wheel diameters of „grey 
rubber‟ castors are shown in Figure 4.11. Blackwoods (2009) suggests that larger 
wheel diameter significantly lower the push effort required and a castors ability to 
negotiate obstacles.  
 
 
Figure 4.11 - Summary of castors available in grey rubber (Blackwoods 2009) 
 
 
Clearly the 100mm wheel diameter option is the smallest castor to have a load 
capacity in excess of the required 70kg. These castors were therefore selected for 
use in this project. Appendix I contains specific castor details. 
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4.2.7 Joinery Specification 
16mm thick Laminex™ sheeting was selected as the material with which to cover 
the SHS frame. This selection was made following advice from Clark (2013) who 
suggested the materials use for a number of reasons, these include: 
 
 High local availability of material and processing capacity 
 Ease of maintenance 
 16mm thickness will provide excellent rigidity over spans 
 Relative low cost 
 Renewability of the raw materials 
 
Laminex™ sheeting is available in a large number range of colours (Laminex 
2013). „Charcoal‟ was selected by the author for a combination of aesthetic and 
practical reasons. Being a dark neutral colour will ensure ease of maintenance and 
will also provide a suitable background surface for which to affix any USQ 
branding if desired. A sample of Laminex™ Charcoal is shown in Figure 4.12. 
 
 
Figure 4.12 - Colour selected for sheeting of frame – Laminex™ Charcoal  
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4.2.8 Analysis of proposed design 
Prior to finalisation of the frame design it is seen a critical to examine two 
aspects of the proposed design. Firstly the serviceability of the frame material 
should be analysed specifically the horizontal span at the „front‟ of the frame. 
Secondly the strength of the proposed handle must be analysed to ensure 
compliance with AS 1428.1-2008. 
 
 
Figure 4.13 - Horizontal span of SHS to be analysed for serviceability 
 
 
Figure 4.14 - Proposed handle design to be analysed  
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Horizontal span – The concern with this aspect of the design is that if the 
material experiences excessive deflection whilst loaded, the doors (to be located 
below) may jam. Figure 4.15 provides an overview of the span involved. Whilst 
the exact total apparatus mass is not currently known a conservative central 
point load of 100 kg shall be assumed.  
 
 
Figure 4.15 - Overview of SHS span to be analysed 
 
In order for the 40x40x2.5 SHS to be considered as an appropriate material 
selection the maximum deflection        over this span           should as 
follows: 
 
                               ⁄   
 
Therefore: 
                              ⁄  
                   
 
The span shall be conservatively assumed to be simply supported to simplify 
calculations. OneSteel (2012) specifies the following technical data for 40x40x2.5 
SHS: 
                        
     
                    
 
The maximum deflection of a centrally loaded beam is theoretical calculated 
using the following formula: 
 
             
   
    
 
100 kg 
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Where: 
                   
                            ⁄  
                
                 
 
Therefore: 
             
            
                         
 
             
            
                         
 
                                                 
 
Although this deflection is slightly in excess of the specified maximum it is 
considered appropriate due to the conservative assumptions made in the 
calculations. 40x40x2.5 SHS is therefore considered to be a suitable material 
selection. 
 
 
Handle Strength – The capacity for the handle to support a load must be 
confirmed in order to ensure the compliance of the design with AS 1428.1-2008. 
This standard specifies that a grab rail must be able to support a load of 1100 N 
in any direction and at any point on the handle. This requirement was identified 
in Subsection 4.2.5. Figure 4.16 provides an overview of handle geometry and 
load placement. Two separate loading scenarios must be analysed: 
 
1. Mid span loading of CHS (33.7 x 2.6mm CHS) 
2. End of span loading of the flat mild steel 40 x 6mm FMS) 
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Figure 4.16 - Overview of handle geometry and loading scenarios 
   
 
Scenario 1 – Check for normal stress in CHS using: 
 
         
  
 
 
Where: 
                
   
 
                    
         
    
 
                
                        (OneSteel 2012) 
 
 Therefore: 
         
                  
             
 
 
                                  
 
OneSteel (2012) indicates the yield stress of 33.7 x 2.6 CHS is 350 MPa. It 
is therefore clear that the proposed design is capable of withstanding 
loading scenario 1. 
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Scenario 2 – Check for normal stress in FMS using: 
 
         
  
 
 
Where: 
                                        
         
  
 
             
                    
     (OneSteel 2012) 
 
 Therefore: 
         
               
             
 
 
                                    
 
OneSteel (2012) indicates the yield stress 40 x 6 FMS is 360 MPa. It is 
again clear that the proposed design is highly suitable for withstanding 
loading scenario 2. 
 
Analysis of the two critical aspects of the proposed frame has confirmed the 
suitability of the design. The SHS span across the „front‟ of the frame meets the 
serviceability requirement of minimising deflection to 2.6 mm when a central 
100kg load is applied. The handle complies with AS 1428.1-2008 as it is capable 
of supporting an 1100 N load, at any position and direction. 
4.2.9 Design Outcomes - Frame 
This section has successfully detailed the design process for the frame design 
subsystem. The design is seen to have achieved all relevant design ambitions 
highlighted in Subsection 4.2.1. Figure 4.17 depicts the completed design for the 
frame with the computer and Laminex™ sheeting attached. It is important to 
note that the open area to the right of the computer will be covered by the three 
experiment bases. Appendix I contains detailed manufacturing drawings 
completed as part of this process. The completed frame will have a total mass 
around 95 kg. 
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Figure 4.17 - Overview of frame design results 
 
4.3 Experimental Requirements and Limitations 
Prior to commencing the presentation of the experiment design process it is seen 
as important to briefly summarise a number of significant design requirements 
and limitations. Requirements include a number of key experiment service and 
design requirements which will influence the remainder of this chapter. 
Limitations include the strict availability of area on which to mount the three 
experiments. 
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4.3.1 Available Experiment Area 
Considering the design of the frame has been finalised the total area available for 
the three experiments is now fixed. The design of the experiments must involve 
careful consideration of these dimensions. Figure 4.18 demonstrates the available 
experimental area. The perimeter highlighted in blue clearly defines where the 
experiments are to be mounted.  
 
 
Figure 4.18 - Overview of area available for mounting of the three experiments 
 
The area available involves a total length of 820mm and a total width of 700mm. 
The experiments will be orientated parallel to the front of the frame in order to 
maximise the length of material that can be mounted and manipulated on each 
experiment. This orientation will assist in ensuring the experiments have 
appreciable visual results in accordance with Primary Design Objective number 5 
(refer to Subsection 3.2.1). 
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Figure 4.19 demonstrates this orientation and details the available area for each 
experiment. Given a protective cover needs to be later designed and installed over 
the top of all three experiments a 10mm offset line in shown inside the of the 
outer perimeter of the area. This line therefore defines the actual free area 
available for experiment design. As a result each experiment has an area of 
226mm x 800mm available. A material thickness of 8mm (steel) has been initially 
assumed for the experiment base, this must be later analysed to ensure the 
appropriateness of the selection. 
 
 
 
Figure 4.19 - Overview of experiment orientation and available experimental area 
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4.3.2 Experiment Base Design Modification 
In accordance with the conclusions of Section 3.5, the experiment base shall be 
separated in three separate units as opposed to a single unit as initialling 
proposed. Subsection 3.5.2 (Ecological Considerations) found that this project 
should design for ease of replacement or updating of components. Physically 
separating each experiment base will allow for the individual removal, repair, 
replacement or modification of any of the experiments without the need to 
replace the entire experimental base. This concept modification will simplify 
maintenance and offer ecological benefits to the project. It is proposed that a 
small gap of around 1mm will separate each experiment base. 
 
4.3.3 Experiment Service Requirements 
Remaining design work in this chapter will have a strong focus on optimum 
experiment material selection and maximum loading conditions. As part of this 
process it is important to have a formally identified „life span‟ for the completed 
project. This will form the basis for fatigue calculations which must be performed 
as part of the design of each experiment. Performing fatigue life calculations will 
theoretically ensure materials are not stressed beyond a level which may 
ultimately result in poor repeatability of results or complete material failure. 
 
The design life for this apparatus is for twenty five years of continues service. 
During this period it has been assumed that each experiment will experience ten 
complete stress cycles per day.  
 
Therefore, 
                                         ⁄              ⁄  
 
Based on this result, a figure of 100,000 cycles shall be adopted for all fatigue 
calculations. It is noted that this is considered to be a highly conservative 
prediction of the number of cycles the apparatus may experience. 
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4.3.4 Generic Requirement of Experiment Design 
Chapters 1 through 3 of this document identified a number of requirements which 
should be carefully considered during the preliminary design of each of the three 
proposed experiments. Compliance with these requirements will ensure 
achievement of project objectives to optimise educational benefits to future users. 
Primarily, the experiments should: 
 
 Accurately demonstrate the relevant theory (refer to 1.4.4) 
 Comply with the limited physical dimensions available for mounting of 
on the frame (refer to 4.3.1) 
 Be designed for a 100,000 cycle life (refer to 4.3.3) 
 Use a material commonly used in industry (refer to 3.2.1) 
 Be designed to ensure maximum visual results (refer to 3.2.1) 
 Be designed in a manner that appears familiar to students  
(refer to 3.2.1) 
 Be designed to ensure ease of replacement or updating of components 
(refer to 3.5.2) 
 
Specific design requirements relating to individual experiment have been briefly 
identified during the introduction of each design subsystem.  
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4.4 Shaft Torsion Experiment Design 
As outlined in Section 1.4, the Shaft Torsion Experiment will physically 
demonstrate the angular deformation and shear stress associated with applying a 
torque to a shaft of circular cross-section (600mm long). This applied torque must 
be limited so as to only induce stresses within the elastic range of the material. 
Figure 4.20 shows a concept of the proposed design.  
 
 
Figure 4.20 - Proposed concept design of Shaft Torsion Experiment 
 
As indicated, one end of the shaft is completely restrained while the other is 
restrained in all direction however free to rotate in a plane perpendicular to the 
orientation of the shaft. A short moment arm (100mm) is attached to the free 
end of the shaft which is used to generate the desired torque. Loads are applied 
to this moment arm by varying the stroke of a linear actuator. The load cell is 
designed to independently provide feedback of the actual applied loads. 
Measurement of deflections will be achieved via a rotary encoder (not shown) 
attached to the free end of the shaft. A strain gauge (not shown) attached near 
the fixed end of the shaft will provide independent feedback of strain and 
therefore the stress induced in the material. A webcam (not shown) will also 
provide feedback to remote users.   
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4.4.1 Relevant Theory – Shaft Torsion 
The section provides a brief summary of theory relating specifically to the shaft 
torsion experiment. Beer and Johnston (2009) point out that if a torque is applied 
to the free end of a circular shaft (fixed at the other end), the shaft will twist. 
The angle through which the free end of the shaft rotates is known as the angle 
 , called the angle of twist. This phenomenon is demonstrated in Figure 4.21. 
 
 
Figure 4.21 - Example of deformation associated with an applied torsion (Beer & Johnston 2009) 
 
Beer and Johnston (2009) suggest that observations have shown that within the 
elastic limit of a material the angle of twist     is directly proportional to the 
magnitude of an applied torque (  . In addition,   is directly proportional to the 
length   of the shaft, therefore if the length of an identical shaft is doubled, the 
angle   could be expected to be exactly twice the previous value (Beer & 
Johnston 2009).   is theoretically calculated using Equation 4.1. 
 
         
  
  
 (4.1) 
Where: 
   Modulus of Rigidity 
   Length 
   Polar moment of inertia 
   Torque 
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The modulus of rigidity     for a material is the shear equivalent of the modulus 
of elasticity     used for axially applied loads.   is calculated using Equation 4.2, 
where   represents shearing stress and   shearing strain. 
 
         
 
 
 (4.2) 
 
The polar moment of inertia     is again the shear equivalent of the commonly 
used moment of inertia    .   for a solid circular shaft is calculated using 
Equation 4.3, where   is the radius of the shaft. 
 
              
 
 
    (4.3) 
 
 
Considering shear stress in a circular shaft in torsion varies linearly from zero at 
the shaft centre to a maximum at the shaft‟s outer radius. Maximum shear stress 
       is given by Equation 4.4. 
 
            
  
 
 (4.4) 
 
In accordance with the Maximum Shear Stress Theory as presented in Beer and 
Johnston (2009), where      is the maximum shear stress and     is the shear 
yield strength of the material: 
 
                          
 
                      
 
Following presentation of this relevant theory it is clear that calculations must be 
performed to ensure that the shaft is not subjected to a shear stress       in 
excess of material shear yield stress,    . In addition, calculations must be 
performed to ensure the achievement of a number of previously defined design 
objectives. 
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 Material Selection 4.4.2
Aluminium was selected for use on this experiment in accordance with the 
requirements outlined in Primary Design Objectives number five and nine. These 
design ambitions are summarised below. 
 
5) Design experiments to ensure appreciable visual results 
9) Experiments should involve materials commonly used in industry 
 
Inspection of Equation 4.1 (angle of twist) reveals that materials which have a 
lower value of modulus of rigidity  , will exhibit larger angular deflections when 
subjected to the same load. Beer and Johnston (2009) indicate that structural 
steel for instance, has a modulus of rigidity of 77.2 GPa, while the majority of 
aluminium alloys have values in the order of 27 GPa. Despite this large difference 
in   values, the shear yield strength of these materials remains similar. It can 
therefore be concluded that use of aluminium will provide significantly larger 
deflections than steel for a given load and material cross-section. 
 
A check of the local availability of smaller diameter aluminium round bar 
revealed the following details contained in Table 4.1 
 
Table 4.1 - Local availability of high strength aluminium round bar 
 
 
In order to determine the maximum shear stress that each of these materials can 
be subjected to, a number of fatigue strength calculations have been performed. 
This fatigue strength is to be based on the predicted number of cycles the 
material will experience. Subsection 4.3.3 identified that each experiment should 
be designed for 100,000 cycles. The standard method with which to determine the 
fatigue life of a material is through the use of an S-N curve.  
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Several values must be calculated before an S-N curve can be plotted. These 
include the endurance limit of the material      and the   
  cycle strength      . 
It is important to note that it has been assumed that the shaft on experiment one 
will be subjected to completely reversed loadings, despite this not being the 
operational intention of the experiment. This is seen as conservative approach 
which will ensure the longevity of the apparatus regardless of future loading 
conditions.  
 
Juvinall and Marshek (2005) propose that     for torsional loads can be calculated 
using Equation 4.5. In this equation     is the ultimate shear strength of the 
material and    represents the temperature correct factor. 
 
                     (4.5) 
 
Considering the experiments are to be performed at room temperature,     will be 
equal to one, and therefore not influence the results. Table 4.2 summarise the 
mechanical properties and calculated     of each of the two available alloys. 
 
 
Table 4.2 - Summary of mechanical properties of available aluminium round bar 
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The endurance limit    for aluminium is commonly based on the     
  cycle 
strength. Equation 4.6 is taken from Juvinall and Marshek (2005) and outlines 
the method for calculating the endurance limit for torsional loads. 
 
            
            (4.6) 
  
Where, 
  
   R.R. Moore, endurance limit 
    Load factor 
    Gradient factor 
    Surface factor 
    Temperature factor 
    Reliability factor 
 
 
 
Experimental results presented by Juvinall and Marshek (2005) demonstrate that 
for most common alumium alloys: 
 
  
               
 
Considering this relationship,    for each of the two alloys can now be calculated. 
The results are presented in the Table 4.3.  
 
Table 4.3 – Summary of endurance limit calculations for available aluminium alloys 
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Both the     cycle strength     and the endurance limit of the materials    have 
been determined The S-N curve can now be plotted and the       cycle 
strength graphically determined (refer to Appendix I). 
 
Results of this analysis have shown       cycle strengths of approximately 55 
MPa for the 6060 T5 alloy and 100 MPa for the 6061 T6 alloy. Comparison of 
these findings with the shear yield strengths shown in Table 4.1, indicates that 
both alloys can be loaded to approximately 70% of their respective yield 
capacities without concern of fatigue failure. 
 
Appendix J contains the details of MATLAB script written to theoretical 
simulate the results of conducting the shaft torsion experiment. This script 
receives a number of inputs. Using the theories presented in Subsection 4.4.1, the 
script returns the maximum load that can be applied to the end of the moment 
arm. In addition the resulting angle of twist is also calculated. Inputs to the 
script include the shaft diameter, modulus of rigidity, shear yield strength and 
length in addition to the length of the moment arm. The maximum percent of the 
yield strength that the shaft should be stressed to must also be input into this 
script. Results of running the simulation with the three available materials are 
shown in Tabe 4.4. 
 
Table 4.4 - Results of MATLAB simulation - Shaft Torsion 
 
 
From these results the 16mm diameter 6061 T6 shaft was selected as it exhibits 
the largest maximum deflection of the three sections. Although the load required 
to achieve this deflection is the highest of the three, this is not seen as an 
important factor for selection. Use of larger, more realistic loads will assist in the 
achievement of Objective 13 (sensory awareness) from the 2002 ABET Colloquy 
as identified in Chapter 2.  
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4.4.3 Primary Component Selection 
The final stage of the design process for Experiment One is to specify the primary 
hardware required for automation of the apparatus. Primary considerations 
during this process will be the relevant capacities, availability and the overall 
physical dimensions. The components to be selected include: 
 
 1 x Linear actuator  
 1 x Load cell 
 1 x Strain gauge rosette 
 1 x Rotary encoder 
 
Linear Actuator – Subsection 4.4.2 concluded that a 16mm diameter solid 
aluminium round bar shall be manipulated by Experiment One. Results of the 
MATLAB simulation have shown that the actuator must be capable of subjecting 
the end of the moment arm to a maximum force no less than 788 N. In addition 
it is clearly desirable for the actuator to have minimum physical dimensions. The 
stroke of the actuator must also be sufficient to move the moment arm through 
the maximum angle of twist (17.5 degrees). Figure 4.22 demonstrates this 
principal. Clearly the stroke length need not be particularly large.  
 
 
Figure 4.22 - Vertical displacement of moment arm 
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In accordance with the advice of Bowtell (2013) linear actuators for this project 
are to be supplied by Linak Australia. The model selected is the LA23 actuator 
(see Figure 4.23) which features a compact design and maximum thrusts up to 
2500N. Appendix I contains a summary of technical specifications of this 
actuator. 
 
 
 
Figure 4.23 - Linak 23 Techline Actuator (Source: www.linak.com.au) 
 
Load Cell – The load cell must be capability of withstanding the forces delivered 
to it by the linear actuator (nominally up to 1000N). In addition this component 
must also have minimal outer dimensions so that it is clearly visible above the 
upper surface of the experiment base. The load cell selected is the PT4000 
universal S-BEAM by PT Global (see Figure 4.24). Selected technical 
specifications of this component have been included in appendix H.   
 
 
 
Figure 4.24 - PT Global PT4000 load cell (source: www.ptglobal.com) 
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Strain gauge rosette – In order to independently determine the amount of 
shearing strain and therefore stress present in the shaft it is proposed that a 
strain gauge rosette be attached near the fixed end of the shaft. A delta strain 
gauge rosette is suggested for this purpose. The measurements from the three 
individual strain gauges can then be used to determine maximum shear stress in 
the shaft. Figure 4.25 depicts a scenario similar to that of the proposed shaft 
torsion experiment. 
 
 
 
Figure 4.25 - Example of delta strain gauge rosette (source: www.ecourses.ou.edu) 
 
 
Rotary Encoder – The rotary encoder required by this experiment must be 
capable of being fixed to the free end of the aluminium shaft and accurately 
measure the exact angle of twist. The selection of a specific rotary encoder has 
been deemed to be outside the author‟s expertise and as such must be completed 
by a technical expert prior to apparatus manufacturing. This approach is in 
accordance with the findings of Subsection 3.5.3 (Ethical Issues) 
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4.4.4 Design Outcomes - Shaft Torsion Experiment 
This section has successfully detailed the preliminary design process for the Shaft 
Torsion Experiment subsystem. The design is seen to have achieved all relevant 
design objectives highlighted in Subsection 4.3.4. Preliminary technical drawings 
of the experiment base for this experiment are contained in Appendix I. 
Evidently the design work completed at this point is not to a manufacture-ready 
stage. Completion of the designs to this standard will form part of the suggested 
future work of this research project. Figure 4.26 below demonstrates the design 
outcomes of this design sub-section with key outcomes notes. 
 
 
Figure 4.26 - Preliminary design outcome - Shaft Torsion Experiment 
 
 
 
 
 
89 
 
4.5 Unsymmetric Bending Experiment Design 
As outlined in section 1.4, the Unsymmetric Bending Experiment will 
demonstrate the concept of unsymmetric bending in a cantilever beam section 
(unequal angle). This experiment will involve the student theoretically calculating 
the principal centroidal axes (PCA‟s) and the neutral axis (N.A.) for a fixed 
cross-section and user defined orientation. Once this is complete the student will 
operate this experiment by inputting this orientation in order to physically 
validate the calculated N.A. Confirmation of N.A. orientation will be achieved via 
inspection of the relative end displacements (along y & z axes) of the cantilevered 
section supporting a free hanging mass. This theory is presented and discussed in 
Subsection 4.5.1. Figure 4.27 shows a concept of the proposed design. 
 
 
Figure 4.27 - Proposed concept design of Unsymmetric Bending Experiment 
 
As indicated the supported end of the unequal angle section is capable of indexing 
through 360 degrees. The free hanging mass will ensure the application of a 
constant bending moment permanently aligned about the z axis. In this way the 
effect of altering the orientation of the section can be made physically apparent 
to user. This is intended to strongly reinforce the student learning experience. 
z 
x 
y 
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Measurements of the relative deflections shall be digitally relayed to the users via 
two ultrasonic proximity sensors (not shown). These are to be aligned to measure 
the relative displacement of the free hanging mass in the y and z direction. A 
webcam will also provide visual feedback, to ensure remote users trust the 
authenticity of results. This is in accordance with Primary Design Objective 
number eight (refer to Subsection 3.2.1). Providing visual feedback to remote 
users is also considered necessary to ensure the apparatus fulfils objective 13 of 
the 2002 ABET Colloquy to develop the students sensory awareness of real-world 
problems. No strain gauges are to be initially applied to this experiment. 
4.5.1 Relevant Theory – Unsymmetric Bending 
This section provides a brief summary of the complex theory relating specifically 
to the proposed Unsymmetric Bending Experiment. The theories involved are 
among the most complex in MEC2402. It is noted by the author that no single 
resource currently available to USQ MEC2402 students, adequately describes the 
relevant concepts on a stand-alone basis. As a result some literature sources 
external to the course material have been referenced in this section.   
 
Beer and Johnston (2009) assert that many common bending problems involve 
members that have at least one plane of symmetry and are subject to bending 
couples acting only in that plane. Due to this member symmetry and loading 
condition it would be reasonable to suspect that bending will occur in that plane.  
Figure 4.28 highlights this concept. Note the location of the neutral axis (N.A.) 
which represents the orientation of a plane passing through the centroid of the 
member where normal stress is zero. Deflection of a beam will therefore always be 
in a direction perpendicular to this plane. When a moment couple is applied 
about a plane of symmetry, the N.A. is found coincident with the axis of the 
couple. 
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Figure 4.28 - Example of symmetric bending (Beer & Johnston 2009) 
 
Consider however the situation where an applied bending couple is not applied 
coincident with an axes of symmetry. This could be either because they act in a 
different plane, or because the member does not possess any planes of symmetry, 
as is the case with unequal angle sections. Figure 4.29 demonstrates some 
examples of unsymmetric bending. Note in these examples how the N.A. is no 
longer coincident with the orientation of the moment couple. 
 
 
Figure 4.29 - Examples of unsymmetric bending 
 
 
To understand this phenomenon it is first necessary to understand a number of 
underlying principles. Consider an arbitrary beam cross-section with the centroid 
identified. This section has an infinite number of centroidal axes which can be 
identified by drawing a line passing through the centroid at any orientation. 
Figure 4.30 illustrates this concept. 
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Figure 4.30 - Example of centroidal axes for an arbitrary cross-section (USQ 2010) 
 
USQ (2010) indicates that the most important of these centroidal axes are the 
principal centroidal axes (PCA‟s). It can be concluded that if a given cross-
section has an axis of symmetry, that this axis will also be a principal centroidal 
axis. The second PCA will always be orientated perpendicular to the first. Figure 
4.31 demonstrates the orientation of the PCA‟s of the section from Figure 4.30. 
All given sections have two principal centroidal axes even if they are 
unsymmetric.  
 
 
 
Figure 4.31 - Orientation of principal centroid axes in an equal angle profile 
 
By inspection it is clear that the y axis PCA in Figure 4.31, is a plane of 
symmetry for the equal angle section. Therefore the first PCA is orientated at 
45º from either flange with the second orientated perpendicular to the first. Both 
PCA‟s must pass through the centroid of the cross-section. If no axis of symmetry 
exists however, the precise orientation of the PCA‟s cannot usually be determined 
by inspection alone. In this situation mathematical tools are required. These are 
detailed in the following paragraphs. 
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Now that the PCA have been defined it is important to note the following. The 
N.A. of cross-section will coincide with the axis of a couple only if that couple is 
directed along the one of the principal centroidal axes of the cross-section. 
Reconsider the two examples shown below and recognise the location of the 
PCA‟s and the orientation of the moment couple relative to them. 
 
 
Figure 4.32 – Examples of a moment couple aligned/misaligned with PCA                            
(Beer & Johnston 2009) 
             
Clearly the unequal angle section on the right does not have the moment couple 
applied to either of its PCA‟s. As a result the neutral axis is misaligned to the 
couple at an as of yet undetermined orientation. The method for determining this 
orientation shall now be presented. 
 
Mathematically the principal centroidal axes are defined as the axes for which the 
mixed moment of inertia     (or product of inertia) is zero. Using the parallel 
axes theorem for the mixed moment of area gives the following, Equation 4.6. 
 
                      (4.6) 
 
Craig (2011) provides excellent examples and descriptions of the process of 
calculating the product of inertia for various cross-sections. Beer and Johnston 
(2009) and USQ (2010) both provide particularly superficial introductions into 
these calculations. 
 
The relevant example of an unequal angle shall now be used for further 
explanation of these concepts. PCA orientation     relative to a set of coordinate 
axes is then found analytically or through the use of a Mohr‟s circle (shown 
below). 
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Figure 4.33 - Mohr's circle for determining the orientation of PCA (USQ 2010) 
 
From this Mohr‟s circle it is clear that the two values    and    must be 
determined about an arbitrarily assigned axes. For simplicity the following is 
suggested. 
 
 
Figure 4.34 - Suggested orientation of the y and z axes for calculation of I values 
 
Analysis of the Mohr‟s circle will provide both the orientation of the PCA‟s as 
well as the values of      &     . These values refer to the second moment of 
area of the section about each of the PCA‟s. Figure 4.35 details the results of this 
process. 
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Figure 4.35 - Results obtained via the use of Mohr's circle 
 
Once the orientation of the PCA‟s has been determined it is clear that aligning a 
bending couple with these axes will result in a N.A. coincided with the plane of 
the applied moment. This is concept is illustrated below. 
 
 
Figure 4.36 - Alignment of bending couples with PCA's of unequal angle                                
(Beer & Johnston 2009) 
          
Consider the situation presented earlier (refer to Figure 4.32) in which this 
bending couple was misaligned to the PCA‟s. In this case the neutral axis is 
always located between the couple vector and the axis corresponding to the 
minimum second moment of area. The orientation of this N.A. can be 
mathematically determined using Equation 4.7 with reference to Figure 4.37. 
 
            
  
  
      (4.7) 
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Figure 4.37 - Calculation of N.A when moment couple is misaligned to PCA's 
 
Note that theta here is different to the theta used previously to determine the 
orientation of the principal centroidal axes. Several appropriate examples of these 
calculations are found in Beer and Johnston (2009) and USQ (2010). 
 
The theory presented in this section has provided an appropriate background into 
the methods a student would have to undertake prior to attempting the proposed 
Unsymmetric Bending Experiment. Following presentation of this theory it clear 
that calculation must be performed to ensure that the unequal angle and free 
hanging mass selection are suitable. This analysis must ensure that neither plastic 
deformation nor premature fatigue failure occurs in the section whilst ensuring 
maximum visual results. 
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4.5.2 Material Selection 
Aluminium has again been selected for use on this experiment for similar reasons 
as with the Shaft Torsion Experiment. Given the experimental result are to be 
based on the relative deflections of a cantilever section the following Equation 4.8 
can be used to determine the deflection  . 
 
         
   
   
 (4.8) 
Where: 
   Force 
   Length 
   Modulus of elasticity 
   Moment of inertia 
 
Inspection of Equation 4.8 reveals that materials which have a lower modulus of 
elasticity     will exhibit larger deflections. Beer and Johnston (2009) indicate 
that structural steel has a modulus of elasticity of 200 GPa while most alumium 
alloys have values in the order of 70 GPa. It can therefore be concluded the use 
of a suitably strong alumium alloy will provide significantly larger deflections 
than steel for a given load and material cross-section. 
 
A check of the local availably of small unequal aluminium angle sections revealed 
the following details contained in Table 4.5. 
 
Table 4.5 - Selection of locally available aluminium unequal angle 
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In order to determine the maximum normal stress that the 6060 T5 alloy should 
be subjected to, fatigue calculations need to be performed. These calculations 
must involve the 100,000 cycle desired life span (refer to Subsection 4.3.3). The 
majority of this process will be based on the descriptions provided in Subsection 
4.4.2. Results in this case will however refer to normal stress as opposed to shear 
stress. 
 
Juvinall and Marshek (2005) indicate that    for bending loads can be calculated 
using Equation 4.9, where    is the ultimate tensile strength of the material and 
   again represents the temperature correction factor. As with Experiment One, 
   is again equal to unity is this situation. 
 
                    (4.9) 
 
Therefore    for the 6060 T5 aluminium alloy will be approximately 167 MPa. 
Equation 4.10 outlines the method for calculating the endurance limit    for 
bending loads. Table 4.6 details the results. 
 
            
            (4.10) 
 
 
Table 4.6 - Summary of endurance limit calculation for aluminium unequal angles 
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Both the     cycle strength     and the endurance limit of the materials    have 
now been determined. The S-N curve can therefore be plotted and the       
cycle strength graphically determined (refer to Appendix I). Results of this 
analysis have shown a        cycle endurance limit of approximately 118 MPa. 
This represents roughly 81% of the tensile yield strength shown in Table 4.5. 
 
Appendix J contains details of a MATLAB script written to theoretically 
simulate the results of conducting the Unsymmetric Bending Experiment. This 
script receives a number of inputs. The theories presented in Subsection 4.5.1 are 
then used to return the maximum end load the beam can support when 
orientated to the      axis. In addition the script outputs the vertical and 
horizontal deflection of the beam and the orientation of the neutral axis. Inputs 
to the script include the orientation of the unequal angle, beam length, size and 
mechanical properties. The maximum percent of the yield strength that the shaft 
should be stressed to must also be input into this script. Results of running this 
simulation with the three selected cross-sections are shown in Table 4.7. Note 
that the section orientation shown in Figure 4.34 represents an orientation zero 
degrees. Positive orientation input values correspond to a counter clockwise 
rotation of the cross-section. 
 
Table 4.7 - Results of MATLAB simulation - Unsymmetric Bending 
 
 
From these results the 40x20x3mm 6060 T5 unequal angle was selected based on 
the magnitude of the maximum load it can support. Whilst the smaller sections 
clearly exhibit larger deflections the use of a larger mass is considered likely to 
provide users with more authentic results. The 40x20x3 section is significantly 
larger than the other two profiles. As such, user will likely gain a better visual 
appreciation of the relative proportions of the unequal angle and the influence 
this has on orientation of the neutral axis. 
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4.5.3 Primary Component Selection 
The final stage of the preliminary design process for Experiment Two is to specify 
the suggested hardware required for automation of the apparatus. Primary 
considerations during this process will be the relevant capacities, availability and 
the overall physical dimensions. The components to be selected include: 
 
 1 x Free hanging mass  
 1 x Rotary actuator 
 1 x Ultrasonic sensors 
 
Free Hanging Mass – Subsection 4.5.2 concluded that a maximum mass of 5.208 
kg could be suspended from the end of the cantilevered unequal angle beam. This 
mass should be suspended from the shear centre of the beam and be free to 
rotate. This rotation will ensure that the mass remains hanging in the same plane 
regardless of the orientation of the unequal angle. Given the deflection of the end 
of the beam is to be measured via the displacement of the mass it is important 
that the geometry of the mass is suitable. Ultrasonic sensors require relatively flat 
surfaces with which to measure their relative position. As a result a cube has 
been selected, the dimensions of which must be based on the exact mass required. 
This analysis shall consider both steel and aluminium as potential solutions.  
 
Juvinall and Marshek (2005) suggest the density of steel to be approximately 
7700kg/m3 with aluminium around 2800kg/m3. Therefore the volume of each 
material required to provide a 5.21 kg mass is as follows: 
 
                 ⁄                                
or 
                             ⁄                                    
 
Taking the cube root of both these numbers reveals the length of the three-
dimensions required. Each side of a cube made from aluminium will need to be 
123mm while the steel just 88mm. Based on this result the steel is considered the 
most appropriate material. Figure 4.38 illustrates the concept. 
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Figure 4.38 - Proposed steel free hanging mass - All sides 88mm in length 
 
 
Rotary Actuator – The rotary actuator required by this experiment must be 
capable of supporting and indexing the unequal angle beam through 360º. The 
design and selection of this component has been deemed to be outside the 
author‟s expertise and as such must be completed by a technical expert prior to 
apparatus manufacturing.  
 
Ultrasonic sensors – The two ultrasonic sensors required must be capable of high 
resolution measurement of the free hanging mass displacement in the y and z 
direction (refer to Figure 4.27). Critical to the successful selection of this 
component will be ensuring the measurement can be taken from the necessary 
close proximity and the surface of the proposed free hanging mass. The final 
selection of this component has also been deemed to be outside the author‟s 
expertise and as such must be completed by a technical expert prior to apparatus 
manufacturing. 
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4.5.4 Design Outcomes – Unsymmetric Bending 
This section has successfully detailed the preliminary design process for the 
Unsymmetric Bending Experiment subsystem. The design is seen to have 
achieved all relevant design ambitions highlighted in Subsection 4.3.4. 
Preliminary technical drawings of the experiment base are contained in Appendix 
I. Evidently the design work completed at this point is not to a manufacture-
ready stage. Completion of the designs to this standard will form part of the 
suggested future work of this research project. Figure 4.39 demonstrates the 
design outcomes of this design subsystem with key outcomes noted. 
 
 
 
Figure 4.39 - Preliminary design outcomes - Unsymmetric Bending Experiment 
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4.6 Normal Stress in Beams Experiment Design 
As outlined in Section 1.4, the Normal Stress in Beams Experiment will 
demonstrate the phenomena associated with the application of an internal 
bending moment to a statically determinate, constant cross-section beam. This 
experiment will involve the student theoretically calculating the normal strain 
and therefore stress on the outer surfaces of a section being subjected to a given 
loading condition. Confirmation of these calculations will be provided to the user 
via digital measurements taken from strain gauges located on the upper and 
lower surfaces of the experimental beam. The student will be capable of 
controlling the magnitude of the applied load up to a pre-defined value detailed 
in Subsection 4.6.2. Figure 4.40 shows a concept of the proposed design. 
 
 
Figure 4.40 - Proposed concept design of the Normal Stress in Beams Experiment 
 
This image demonstrates a method of load application which is similar to that of 
the Shaft Torsion Experiment. Relative displacement of the beam is directly 
influenced by the rod position of a linear actuator. The applied load is then 
independently measured by a load cell and relayed to the user. 
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In addition to the experiment measuring rates of strain, it is also proposed that 
the maximum deflection of the beam be provided to future users. Although 
calculation of beam deflection is beyond the scope of MEC2402, it is considered 
to be a valuable additional experimental capability. This function would likely 
make the Normal Stress in Beams Experiment attractive to a wide range of USQ 
engineering courses. 
 Relevant Theory – Normal Stress in Beams 4.6.1
This section provides a brief summary of the theory relating specifically to the 
Normal Stress in Beams Experiment. Equation 4.11 demonstrates the typically 
method for calculation of normal stress in beams. The formulation of each of the 
required values is explored in more detail throughout this section.  
 
         
  
 
 (4.11) 
Where: 
   Normal stress 
   Bending Moment 
   Distance from neutral surface 
   Moment of inertia 
 
Beer and Johnston (2009) indicate that beams are classified according to the 
manner in which they are supported. Beam types such as cantilevered, fixed and 
simply supported are commonly used in industry. For a beam to be considered 
statically determinate the supports required by the beam must have no more 
than three unknown values. Figure 4.41 depicts the most common type of beam 
classification for introduction of this concept, the simply supported beam. The 
span of the beam is represented by   while   represents a given load. 
 
 
Figure 4.41 - Beam subject to a mid-span concentrated point load                                         
(Beer & Johnston 2009) 
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In this case it can be seen that the beam requires two vertical support reactions 
and a single horizontal support reaction on the left hand side (redundant for this 
idealised load scenario) to achieve static equilibrium. The magnitude of the 
normal stress in this beam can be theoretical calculated by first solving the 
support reactions. 
 
 
Figure 4.42 - Calculation of support reactions for a simply supported beam (Beer & Johnston 2009) 
 
Once this has been completed the shear force and bending moment diagram can 
be generated. Information regarding the sense (positive or negative) of these 
values is found in Beer and Johnston (2009). Figure 4.43 demonstrates the results 
of this process. 
 
Figure 4.43 - Shear force and bending moment diagrams (Beer & Johnston 2009) 
 
The magnitude of the bending moment   at any point along the beam can now 
be determined from the relevant plot. This value can then be input to Equation 
4.11 with the calculated values of   and   for determination of the normal stress. 
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Maximum normal stress is typically the value of interest when undertaking 
bending calculations. This experiment is however designed to provide users with 
physically measured values of strain rather than stress. Equation 4.12 provides 
the relationship between these quantities, commonly referred to as the generalised 
Hooke‟s Law. 
 
          
  
 
 (4.12) 
Where, 
    Normal strain 
    Normal stress 
   Modulus of elasticity 
 
Inspection of this equation reveals that, providing the modulus of elasticity of a 
material is known, the normal stress can be determined. Clearly the magnitude of 
this normal stress is directly proportionate to measured normal strain. 
 
The theory presented in this section has provided an appropriate background to 
the methods a student would have to follow prior to attempting the proposed 
Normal Stress in Beams Experiment. In addition to calculation of normal strain 
and stress, the suggestion has been made that the experiment should also provide 
the user with an accurate display of the maximum beam deflection. Equation 4.13 
provides a theoretical method for calculating the maximum deflection in a simply 
supported beam subject to a concentrated mid-span point load. 
 
         
   
    
 (4.13) 
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 Material Selection 4.6.2
Low carbon (mild) steel has been selected for use on this experiment due to the 
prevalence of its use in structural and mechanical engineering applications as 
indicated by Beer and Johnston (2009). As previously demonstrated (refer to 
Subsection 4.5.2) most steels will not exhibit maximum deflections of the same 
magnitude as a similar aluminium section. However, of the three proposed 
experiments, the Normal Stress in Beams Experiment is considered to be the least 
in need of significant visual deformations. This is supported by inspection of 
Equation 4.11 which reveals that, providing the section is kept constant, identical 
levels of normal stress will be generated in a beam regardless of material. 
 
A check of local availability of suitably sized mild steel flat bar revealed a vast 
array of cross-sections. Table 4.8 provides details of the sections selected for 
analysis. It has been noted that increasing the width of the section will serve only 
to increase the maximum load that the section can be subject to prior to yield, 
maximum deflection remains identical. As a result a material width of 25mm has 
been nominated. 
 
Table 4.8 - Selection of locally available mils steel flat bars 
 
 
 
In order to determine the maximum normal stress this steel should be subjected 
to by the experiments, fatigue calculation must again be performed. These 
calculations must involve the 100,000 cycle desired life span (refer to Subsection 
4.3.3). This process is based on the majority of the descriptions and equations 
provided in Subsection 4.5.2.    for this steel has been calculated at 432 MPa 
with    calculated at 192 MPa.  
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Now that the both the     cycle strength     and the endurance limit of the 
materials    have been determined the S-N curve can be plotted and the     
  
cycle strength can be graphically determined (refer Appendix I). As with 
Experiment One, the conservative assumption has been made that the material 
will be subjected to completely reversed loadings. Results of this analysis have 
shown the mild steel flat bar has a        cycle endurance limit of 
approximately 320 MPa. This represents roughly 89% of the tensile yield strength 
shown in Table 4.8. 
 
Appendix J contains details of a MATLAB script written to theoretically 
simulate the results of conducting the Normal Stress in Beams Experiment. The 
script receives a number of inputs and generates required outputs based on the 
theories presented in Subsection 4.6.1. Inputs include the beam span and material 
size and properties. Outputs include the maximum load that can be applied and 
the stress /strain and deflection that will result. Results of running the simulation 
for the three selected cross-sections are shown in Table 4.9. Note that the 
maximum normal strain and stress remain unchanged regardless of material 
geometry. 
 
Table 4.9 - Results of MATLAB simulation - Normal Stress in Beams 
 
 
From these results the 25x6mm mild steel flat bar was selected based on the 
magnitude of maximum deflection it will exhibit whilst exposed to the maximum 
load of 320 N. This selection clearly ensures fulfilment of Primary Design 
Objective number five (refer to Subsection 3.2.1). 
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 Primary Component Selection 4.6.3
The final stage of the preliminary design process for experiment three is to specify 
the suggested hardware required for automation of the apparatus. Primary 
considerations during this process will be the relevant capacities, availability and 
the overall physical dimensions. The components to be selected include: 
 
 1 x Linear actuator  
 1 x Load cell 
 5 x Strain gauges 
 1 x Ultrasonic sensor 
 
Linear Actuator – Subsection 4.6.2 concluded that the selected material (25x6mm 
FMS) can be subjected to a maximum load of 320 N. As a result it is suggested 
that that same actuator specified for experiment one (Linak 23 Techline) be used 
on this experiment. This will ensure compliance with ecological consideration 
number two (refer to Subsection 3.5.2), to design for ease of replacement or 
updating of components. Appendix I contains a summary of technical 
specifications for this actuator. 
 
Load Cell – The load cell must be at least capability of withstanding the forces 
delivered to it by the linear actuator. Given the same linear actuator specified for 
use on Experiment One has also been specified for load application on the Normal 
Stress in Beams Experiment, the load cell shall also remain the same. As such, 
the selected load cell is the PT4000 universal S-BEAM. Selected technical 
specifications of this component have been included in Appendix I. 
 
Strain Gauges – In order to independently determine the amount of normal strain 
/stress present in the beam it is proposed that a series of five uni-axial strain 
gauges are attached to the surface of the beam. The strain gauges should be 
aligned parallel to the beam to directly measure the material strain. Suggested 
locations for mounting include the centre of the span (max strain), two at a 
quarter and three-quarters along span respectively and the final two over each of 
the supports (no normal strain). Results from each of the strain gauges should 
display a very strong correlation to the theoretical bending moment diagram 
presented in Subsection 4.6.1. 
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Ultrasonic Sensor – The ultrasonic sensors required must be capable of high 
resolution measurement of the beam displacement. Critical to the successful 
selection of this component will be ensuring the measurement can be taken from 
the necessary close proximity and the surface of the proposed flat bar. The final 
selection of this component has also been deemed to be outside the author‟s 
expertise and as such must be completed by a technical expert prior to apparatus 
manufacturing. 
 Design Outcomes – Shaft Torsion Experiment 4.6.4
This section has successfully detailed the preliminary design process for the 
Normal Stress in Beams Experiment. The proposed design is seen to have 
achieved all relevant design ambitions identified in Subsection 4.3.4. Preliminary 
technical drawings of the experiment are contained in Appendix I. Evidently the 
design work completed at this point is not to a manufacture-ready stage. 
Completion of the design to this standard will form part of the suggested future 
work of this research project. Figure 4.44 demonstrates the results of this design 
subsystem with key outcomes noted. 
 
 
Figure 4.44 - Preliminary design outcomes - Normal Stress in Beams Experiment 
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4.7 Guarding 
The final design requirement of this chapter is to specify the preliminary design 
of the clear polycarbonate machine guard referred to in Section 1.4. 
StandardsAustralia (2006) suggest that the design of appropriate safeguarding 
systems should account for the mechanical hazards involved. The guarding should 
provide minimal interference with the activities during operation in order to 
reduce the incentive of evading the safeguard. Figure 4.45 depicts the proposed 
design without any guarding in place. Clearly this would present a large number 
of hazards and high level of risk to future users if left unprotected.  
 
 
Figure 4.45 - Proposed apparatus design without guards 
 
Based on these risks, a rectangular prism has been selected to totally enclose all 
three experiments. This is referred to by StandardsAustralia (2006) as a fixed 
enclosing guard. The material considered most suitable for the construction of 
this guard is Safeguard Hard Polycarbonate. This material is an impact and 
abrasion resistant polycarbonate sheet which is commonly used for the 
manufacture of machine guards (Dotmar 2013). A proposed design is shown 
below. 
112 
 
 
Figure 4.46 - Proposed design of polycarbonate guard 
 
 
Although this guard will provide users with a very high level of protection from 
injury whilst in place, StandardsAustralia (2006) indicate that additional safety 
measures may be required. This is in accordance with the findings of Subsection 
3.5.1 (Safety Issues). Section 3.5.1 concluded that the polycarbonate cover must 
be fitted with an interlock guarding system to insure against accidental operation 
of the experiments if the guard is removed. An electric safety interlock system is 
recommended. Selection of this component has been identified as part of the 
proposed future work of this project. 
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4.8 Chapter Summary 
This chapter has successfully completed the preliminary design of the proposed 
experimental apparatus in accordance with the material presented in Chapters 1 
through 3. Figure 4.47 represents the final design outcome of this research 
project. Individual design subsystems completed in this chapter have included: 
 
1) Frame 
2) Shaft Torsion Experiment 
3) Unsymmetric Bending Experiment 
4) Normal Stress in Beams Experiment 
5) Guarding 
 
 
Figure 4.47 - Overview of proposed apparatus design  
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Chapter 5 
Results and Discussion 
 Chapter Overview 5.1
This chapter presents and discusses the outcomes achieved as a result of this 
project. Primary topics covered include testing of the three experimental 
concepts, achieved manufacturing outcomes and an analysis of primary design 
objective achievement. Chapter 3 of this document provides details of the 
methodology applied during these processes. 
 
The ultimate project purpose has been to design a physical experimental 
apparatus intended to enhance the educational outcomes of future MEC2402 
students. Considering this, it is clear that the primary project objectives were 
investigated and presented in the previous chapters. This chapter analyses these 
design outcomes in an attempt to independently assess and/or validate the 
attainment of all original project ambitions. 
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 Summary of Design Achievements 5.2
A large amount of design work has been achieved as a result of this project. As 
such it is seen as important to provide the reader with a brief summary of all 
design outcomes presented in previous chapters.  
 
Designs for the experiment frame have been completed to a manufacture ready 
stage. This frame has been designed to be portable and have sufficient space with 
which to mount the specified touch-screen computer (refer to Subsection 4.2.2) 
and proposed experiments. The frame is made of 40x40x2.5mm SHS section 
which is then powder coated satin black. The sheeting material is 16mm thick 
Laminex™ in the colour charcoal. Calculations were performed on the frame 
design to ensure the strength of the handle, the load capacity of the castors and 
the maximum deflection that the frame may experience. Results of this analysis 
confirmed the design. 
 
The preliminary design of the three proposed experiments has been completed 
with careful consideration for the optimisation of expected educational outcomes. 
Achievement of this goal was facilitated by the meticulous selection of ten 
Primary Design Objectives based on the body of literature reviewed in Chapter 2. 
Each of the three experiments has been specified as using effective beam/shaft 
lengths of 600mm. Design work completed during this project include: 
 
 Development of three separate MATLAB simulations which predict the 
behaviour of the experiment when subjected to a given load. 
 Specification of the specific metal alloys used for each experiment. 
 Specification of the material geometry used on each experiment. 
 Preliminary technical drawings of the three experiment designs. 
 Analysis of the maximum percent of yield strength the material can be 
loaded to ensure premature fatigue failure does not occur. 
 Determination of the maximum experimental loads. 
 Preliminary specification of primary automation and sensory hardware. 
 Specification of geometry and the polycarbonate material to be used for 
guarding manufacture (subject to local availability). 
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Figures 5.1 shows two identical images of the final project design outcomes.  Both 
images have been annotated with a summary of results.  
 
 
 
Figure 5.1 - Overview of design achievements 
Dell OptiPlex 9010 
All-in-One touch 
screen computer 
16mm Laminex™ 
sheeting (charcoal) 
Experiment 3 - 
Normal Stress in Beams 
Safeguard Hard 
polycarbonate fixed 
enclosing guard 
Experiment 1 - 
Shaft Torsion 
Experiment 2 - 
Unsymmetric Bending 
40x40x2.5 mild 
steel SHS frame 
(under sheeting) 
2 x swivel/brake castors 
(load capacity - 80kg each) 
2 x fixed castors 
(load capacity - 80kg each) 
25 x 6mm FMS 
600mm span 
Maximum deflection = 16.02mm 
Maximum normal stress = 320 MPa 
Max load = 320 N 
16mm solid round bar 
Aluminium 6061 T6 
600mm length 
Maximum angle of twist = 17.5º 
Max torque = 79 Nm 
40x20x3 UA 
Aluminium 6060 T5 
600mm length 
Maximum vertical deflection = 17.05 mm 
Maximum transverse deflection = 7.92mm 
Free hanging mass = 5.2 kg 
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 Testing of Experimental Concepts 5.3
Testing of the experimental concepts was performed to ensure the quality of 
project outcomes in two primary dimensions. Firstly that the theoretical models 
generated as part of this project are accurate and secondly to gauge the strength 
of the correlations between theory and practice. The primary limitation during 
this testing was the certainty with which the magnitude of the applied loads 
could be determined. To compensate for this uncertainty a tolerance of 5% has 
been applied to all test results. Testing commenced with the purchase of 
appropriate length of the three specified materials (see Figure 5.2). 
 
 
Figure 5.2 - Purchased experimental materials 
 
Each of the materials was then measured to determine the actual size. The results 
of this are presented and compared to the nominal material sizes in Table 5.1. 
Vernier calipers were used for this purpose.  
 
Table 5.1 - Measured material sizes vs. nominal material sizes 
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In accordance with the methodology presented in Chapter 3, each of the 
experiments has been tested using their respective maximum loading scenarios 
(refer to Chapter 4). Experiment 2 – the Unsymmetric Bending Experiment was 
tested with an orientation of 45 degrees as opposed to the minimum axes. This 
procedure ensures appreciable levels of both in-plane and transverse deflections. 
Table 5.2 summarises the loading scenarios and expected deflections for each 
experiment. 
 
Table 5.2 - Summary of theoretically predicted results 
 
 
Based on the measured variations between the nominal material sizes and the 
actual material sizes, the modified expected results are detailed below. It is 
important to note that the nominal size results will be used for the primary 
comparison of with results. This is in accordance with objective 2 of the 2002 
ABET Colloquy (refer to Appendix D). The objective states that a fundamental 
objective of engineering laboratories is to allow students to identify the strengths 
and limitations of theoretical models as a predictor of real-world behaviour. 
Theoretical engineering design work is routinely performed based on nominal 
values. It is important to ensure students understand the relative uncertainty 
which should be applied to these calculations. Preliminary results of each 
experimental concept test are included in the following sub-sections 5.3.1 through 
5.3.3 with a summary in 5.3.4. 
 
Table 5.3 - Summary of predicted results for nominal and actual material sizes 
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5.3.1 Concept Testing – Shaft Torsion Experiment 
Testing for this experimental concept involved setting up a jig similar to the 
proposed experiment design. The fixed end of the shaft was welded to an 
immovable vertical alumium surface whilst the free end was passed through a 
1mm oversized hole in a section of steel angle. A suitable moment arm was then 
welded to the shaft, 600mm from the fixed end. Finally a second section of angle 
with an identical hole was then slid and attached over the end of the shaft to 
minimise any adverse bending effects resulting from the loading scenario. 
 
Although a moment arm of only 100mm was specified in the design (refer to 
Section 4.4), due to limitation in the scales used, a greater moment arm distance 
was needed to produce the 78.8 Nm torque required. Results of performing the 
tests are shown below. 
 
 
Figure 5.3 – Results of conducting Shaft Torsion concept testing 
 
The loaded angle of twist was measured to be 17.5 degrees. Based on the nominal 
theoretical value of 17.5 degrees this is considered to be an excellent result. Once 
the load was removed the shaft returned to its exact original position which 
clearly demonstrates that no plastic deformation occurred in the shaft. 
 
It is however important to note that the when the moment arm was initially 
loaded a significant amount of plastic deformation was seen to occur in the weld 
securing the moment arm to the shaft. As a result it is clear further investigation 
should be performed into holding methods prior to apparatus manufacture. 
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5.3.2 Concept Testing Results – Unsymmetric Bending 
Testing of the complex unsymmetric bending theory was performed by securing 
one end of the unequal angle at 45 degrees from the horizontal and applying the 
5.2 kg load. This load was applied 600mm from the fixed end of the beam. 
Considering the results need to be measured in both the vertical and horizontal 
direction the experiment was performed multiple times. Deflections were 
calculated by the relative displacement of a dial indicator with and without the 
applied load. 
 
 
  
Figure 5.4 - Results of conducting Unsymmetric Bending concept testing 
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The loaded deflections were recorded at -16.07 mm along the y direction and -
8.08 mm in the z direction. This is noted to be significantly different to the 
predicted theoretical results of -13.18 mm (y) and -6.64 mm (z). Despite this the 
results are considered to be valid as the theoretical and practical neutral axis 
(N.A) orientations share a very close correlation. Theoretical orientation of the 
neutral axis for this test is shown in Figure 5.5. 
 
 
 
Figure 5.5 - Theoretical N.A. orientation for concept testing 
 
The MATLAB script created for simulating this experiment indicates that the 
theoretical value of the neutral axis is 26.75 degrees from the horizontal (refer to 
Appendix J). Analysis of the relative deflections measured during testing 
indicates that the neutral axis is 26.69 degrees from the same reference point. 
Clearly this represents a very good result. The variation in deflection values is 
likely due to either the material having different mechanical properties 
(principally the modulus of elastic) to those used in Chapter 4 or the applied load 
was in excess of the specified 5.2 kg. Further testing and material evaluation 
should therefore be carried out before final manufacture. 
5.3.3 Concept Testing Results – Normal Stress in Beams 
Concept testing for the Normal Stress in Beams experiment involved the setup of 
a jig which provided supports for the beam 600mm apart. A load of 32 kg was 
then centrally applied and measured using a spring balance. Deflections were then 
calculated from the relative displacements of a dial indicator. Figure 5.6 
demonstrates the results of this process. 
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Figure 5.6 – Results of conducting Normal Stress in Beams Concept testing 
 
The results demonstrated an excellent correlation to the theoretical maximum 
deflection. The measured deflection was 16.57mm as compared to the theoretical 
16.02mm. Considering the specified tolerance of 0.8mm, it is clear this result is 
within the expected range. Once the load was removed the beam returned to the 
exact initial displacement. The conclusion can therefore be drawn that no plastic 
deformation occurred during this test. It was also of interest to note that the 
maximum deflection is particularly clear when viewed from a range of different 
perspectives. 
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5.3.4 Summary of Concept Testing Result 
Overall the results of the concept test were particularly encouraging. The details 
are summarised in Table 5.7. 
 
Table 5.4 - Summary of concept testing results 
 
 
Experiment 1 (Shaft Torsion) – Results demonstrated an exact correlation 
between the theory for the nominal size and the measured deflections. 
Error between the predicted deflection for actual section dimensions was 
shown to be less than 2%. 
 
Experiment 2 (Unsymmetric Bending) – Although the measured 
deflections were outside of the specified tolerances this was concluded as 
being either the result of variation in provided material properties of the 
actual magnitude of the applied load. The orientation of the neutral axis 
is neither effected by the load magnitude nor the material properties. As a 
result the error associated with the theoretical and physically measured 
values of N.A. was less found to be less than 1%. 
 
Experiment 3 (Normal Stress in Beams) – Concept testing revealed a very 
strong relationship between theory and measured values of maximum 
deflection. The results show an error of just over 3% between the 
theoretically predicted values of 16.02mm and the 16.57mm measured 
values. It is important to note that this result is within the 5% window of 
uncertainty with regards to the applied load. A deflection of 16.94mm was 
theoretical predicted based on the actual material size.  
 
In conclusion, the results of these tests have successfully proved the accuracy of 
the theoretical models and the correlation between theory and practice. However 
it remains clear that further testing should be undertaken prior to final apparatus 
manufacture. 
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 Achievement of Design Objectives 5.4
Section 3.2 outlined a series of ten Primary Design Objectives which were 
developed in accordance with the findings of the literature review process 
(Chapter 2) and professional opinions of the MEC2402 Course Examiners. These 
design ambitions centre primarily on user safety and optimisation of educational 
merit. Evaluating the achievement of each of these broad aims will form vital 
conclusions regarding the value of overall project outcomes. It is proposed that all 
design objectives have been fulfilled during this project.   
 
1) Comply with limited overall physical dimensions  
Section 1.4 detailed the requirement for the apparatus design to feature 
limited overall dimensions to facilitate transportation around campus. The 
primary consideration was that the apparatus must be able to fit through 
standard doorways and into elevators. The final design features an overall 
width of 700mm and a length of 1480mm analysed in Subsection 4.2.3 to be 
compliant with all requirements. 
 
2) Design for ease of transport 
In accordance with Primary Design Objective number two the apparatus 
(refer to section 1.4) should be designed for ease of transportation around 
USQ campuses. Subsection 4.2.5 highlights the additions of suitable castors 
and a handle for controlling the movement of the frame. In addition the mass 
of the proposed design is deemed to be well within the suitable range of 
manual handling for one person. 
 
3) Ensure a strong correlation between physical results and theory 
Section 5.3 details the result of the experimental concept testing which was 
performed to ensure compliance with this design objective. The results of this 
testing demonstrate a very strong correlations between the theoretically 
calculated values presented in Chapter 4 and physical results.  
 
4) Achieve high quality results within provided budget 
Achievement of this design ambition is difficult to formally assess prior to 
completion of the manufacturing. Despite this it is considered that the 
proposed design will be highly cost effective owing to the use and specification 
of locally available materials and technical skills. 
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5) Design experiments to ensure appreciable visual results 
Selection of materials for use on each of the three proposed experiments was 
made with a primary consideration for the maximisation of the visual results. 
Aluminium sections were specified for Experiments One and Two primarily 
specifically due the materials beneficial mechanical properties. Section 5.2 
summarises these expected results. 
 
6) Provide all user with a very high level of safety 
Completion of a detailed risk assessment (refer to Appendix G and H) 
identified a number of control measures that were required to ensure 
achievement of this design objective. Implemented control measures include 
modification of the frame design to ensure user safety whilst transporting the 
apparatus. In addition the inclusion of the polycarbonate fixed enclosing 
guard will ensure users cannot come into contact with any moving parts 
during experiment operation. 
 
7) Design experiments to appear familiar to students 
Attainment of this design objection is considered rather subjective to assess. 
Despite this, comparison of the images in Subsection 3.2.1 with the design 
outcome models presented in in Sections 4.4 through 4.6 seem to indicate a 
level of success in this endeavour. 
 
8) Aim to ensure students trust the authenticity of results 
Subsection 3.2.1 indicated that measurement of loads and deflections can be 
performed from the electrical input to linear actuators. Despite this, the 
conclusion was drawn that „independent‟ feedback of these values should be 
provided to the laboratory user. Specification of independent sensory 
hardware such as load cells and web cameras was as a direct result of this 
ambition. Primary Design Objective number eight has therefore clearly been 
achieved in the design of this apparatus.  
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9) Experiments should involve materials commonly used in industry 
Beer and Johnston (2009) indicate that aluminium and steel are the most 
common metals used in structural applications. Experiments One and Two 
have been specified as using standard aluminium alloys while Experiment 
Three will use mild steel. The material specified for the three experiments 
have therefore very clearly fulfilled this requirement. All sections are readily 
available from local metal distributors.  
 
10) Produce an aesthetically effective design 
Clearly this is a highly subjective objective to fulfil. It is the personal opinion 
of the author that the proposed design appears of professional quality. The 
proposed design is seen, by the author, to be of a standard that will serve to 
reinforce the USQ brand.  
 Manufacturing Outcomes 5.5
The manufacture of the proposed frame design has been completed as a result of 
this project. The following pages briefly highlight the process and outcomes of the 
manufacture of this component. Manufacture and commissioning of the three 
proposed experiments will continue beyond the completion of this research 
project. 
 
The frame was first manufactured from the specified 40x40x2.5mm SHS section in 
accordance with the technical drawings presented in Appendix I. Following 
completion of the fabrication process, the frame was powder coated satin black. 
Laminex™ sheeting, hinges, handles and locks were then fitted to the frame to 
complete the manufacture. Figures 5.7 through 5.10 detail the results of each of 
these processes. 
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Figure 5.7 - Results of frame fabrication process 
 
 
 
Figure 5.8 - Results of frame powder coating 
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Figure 5.9 - Final result of frame manufacture 
 
 
Figure 5.10 - Final result of frame manufacture - inside 
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 Chapter Summary 5.6
This chapter has effectively presented and discussed the outcomes achieved as a 
result of this project. It is emphasised that the primary ambition of designing a 
physical experimental apparatus intended to enhance the educational outcomes of 
future MEC2402 students has been achieved. 
 
Section 5.2 provided a summary of project design achievements, asserting that 
the designs for the apparatus frame has been completed to a manufacture ready 
stage. The preliminary design for the three proposed experiments has also been 
completed to an advanced level. Details of the experimental concept testing were 
included in 5.3. The primary purpose of these tests was to ensure a strong 
correlation between the theoretically predicted outcomes with those measured in 
practice. The results of these tests were shown to be exceptional. The accuracy of 
the MATLAB simulations generated (refer to Appendix J) to predict 
experimental results, were therefore also validated in this chapter. 
 
Section 5.4 summarised the achievement of each of the ten Primary Design 
Objectives (refer to Subsection 3.2.1) and asserted that all have been met as a 
result of this project. Finally, the project manufacturing results were presented in 
section 5.5 where it was shown that the manufacture of the final frame has been 
successfully completed. The final manufacture and commissioning of the 
completed apparatus is due to continue beyond the completion of this research 
project. 
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Chapter 6 
Conclusions 
6.1  Chapter Overview 
This final chapter summarises the achievement of project objectives, identifies 
future work and provides recommendations. Definitive project conclusions are 
formed throughout this chapter and formally identified in Section 6.4. 
 
The proposed mechanical design of an experimental apparatus intended for 
integration in MEC2402 – Stress Analysis has successfully been achieved as a 
direct result of this project. Comprehensive investigation of literature relating to 
this endeavour indicates the design should ensure optimisation of student learning 
outcomes. Although complete apparatus design has been completed to an 
advanced stage, further technical work is required in a number of areas. 
 
Initial aims to complete the manufacture and commissioning of the designed 
experiment have not been achieved within the research project time frame. 
Availability of project funding is seen as the primary reason for this outcome. 
Section 6.2 however, asserts that upon reflection, the original project scope is seen 
to have been overly ambitious considering the time and resources available. 
Completion of manufacturing and commissioning is set to continue beyond 
submission of this dissertation. 
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6.2 Achievement of Project Objectives 
The ultimate purpose of this project has been to design and manufacture a 
physical experimental apparatus intended to enhance the educational outcomes of 
future MEC2402 students. Attainment of this core objective has remained 
dependant on the achievement of four specific core objectives. These are: 
 
1) Fulfilment of the MEC2402 Course Examiners project ambitions 
 
2) Alignment of the apparatus design with the MEC2402 course objectives 
 
3) Fulfilment of identified project Research Objectives 
 
4) Design of the experiments in accordance with findings of an extensive 
literature review process. 
 
Each of these for objectives is listed below, accompanied by a short summary of 
achievement relating to the design of this project. It is noted that some objectives 
share overlapping elements. 
 
1) Section 1.2 detailed the responses of the Course Examiner during a formal 
interview process.  A question relating to which key aspects are considered 
vital for successful implementation of the laboratory equipment, yielded the 
following response. 
 
1. Safety 
2. Accessibility, the capacity for students to personally 
experiment with the apparatus. 
3. Capacity to demonstrate the reliability of theoretical 
analyses. 
4. Integration with relevant coursework (Buttsworth 2013). 
 
Safety has clearly been a primary consideration throughout this project. 
Appendix G & H provide the details of the comprehensive risk assessments 
undertaken to ensure user safety. Individual user accessibility, regardless of 
geographical distribution, is assured by the nature of the remote laboratory 
concept. This was clearly investigated in the project literature review. 
Reliability of the theoretical analysis was confirmed in Section 5.3. Finally, 
the specific method with which the experiments are to be integrated into 
Stress Analysis was excluded from the scope of this project in Section 1.6. 
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2) Section 1.3 discussed the specifics of MEC2402, the course into which the 
proposed experimental apparatus will be integrated. USQ (2010) provides a 
list of the primary course objectives. These define the expected student 
learning outcomes for MEC2402. Objectives are: 
  
1. Review and apply the principles of static equilibrium to the 
analysis of structures such as pressure vessels, beams and 
torsion members. 
 
2. Evaluate stress and strain within various structures by 
applying appropriate engineering theories. 
 
3. Formulate solutions to problems requiring the application of 
suitable engineering theories for stress and strain 
 
4. Locate and calculate the highest equivalent stress on any 
section of a beam or shaft undergoing simple or combined 
loading, and determine if yield failure will occur 
 
Comparison of these learning objectives with the project design outcomes 
presented in Section 5.2, clearly indicates a strong alignment has been 
achieved.  
 
3) Project research objectives were formally identified in Section 1.7. Primary 
research objectives have been to: 
 
A. Formally establish the opinions of the MEC2402 Course Examiner 
with respect to the introduction of an experimental component of the 
course and how it is believed this will advantage future Stress Analysis 
students 
 
B. Establish whether each of the specific experiments outlined in Section 
1.4 can be designed and manufactured on a small scale using 
commercial automation hardware to provide results that demonstrate 
a strong correlation with the theory presented in MEC2402.  
 
Objective A was clearly achieved in Section 1.2. The majority of Objective B 
was achieved during the testing and evaluation phase of this project. The 
intention was to test the experimental concepts using the specified 
automation hardware. This was not able to be completed due to the 
availability of funding. Despite this the results were considered appropriate. 
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4) Chapter 2 of this document successfully investigated a broad range of 
available literature relating to the implementation of laboratories in 
engineering education. Following presentation of the conclusions of Chapter 2, 
a series of ten Primary Design Objectives were developed. These were 
generated predominantly to ensure the design of the experiments maximise 
the student‟s potential learning outcomes. Section 5.4 highlighted the 
achievement of all design objectives during this project. As such, it can be 
concluded that the experiment designs are in accordance with the findings of 
the literature review process. 
 
Following analysis of each of the four core objectives it is apparent that this 
research project has fulfilled its ultimate purpose of designing an apparatus to 
enhance the educational outcomes of future MEC2402 students. It is suggested 
that the validity of this statement be assessed through analysis of the proposed 
user perception survey results. Clearly this can only be undertaken once the 
apparatus is integrated into Stress Analysis. Details of this survey are contained 
in Appendix E. 
 
Unfortunately the complete manufacturing and commissioning of the proposed 
apparatus was not able to be completed during the time frame of this research 
project. The original ambition was to complete all detailed design, manufacture, 
commission and test the remote laboratory apparatus prior to dissertation 
submission. In reflection, it is apparent that this was a highly ambitious goal.  
The amount of input required to get the project to its current stage of design, 
was well in excess of early expectations. As a result, a large amount of work 
remains to be completed to get the apparatus to a usable stage. This is further 
discussed in the following section. 
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6.3 Further Work & Recommendations 
Although a significant amount of the original goals have been achieved as part of 
this research project, a substantial amount of further work remains to complete 
the project as a whole. Details and recommendations relating to individual items 
of further project work are listed below. 
 
 Seek course examiner’s approval – The outcomes of this research project 
should be presented to the MEC2402 Course Examiner to ensure the 
approval of the proposed design. Required modifications should be made 
before progression to any further stages. 
 Further concept testing - Although the testing of the experimental 
concepts produced very high quality results. Further material and concept 
testing should be performed on all three experiments. Future tests must 
use accurately calibrated measurement equipment to establish a base line 
for accuracy with which the final experimental results can be compared. 
Subsection 5.3.1 also identified the need for further mechanical testing of 
methods of securing the shaft on Experiment One.  
 Final specification of automation hardware – Chapter 4 completed the 
preliminary specification of the required mechanical automation hardware. 
However, the specification of several items was deemed to be outside of 
the author‟s expertise during this process. As a result these items must be 
later specified by a person with suitable technical expertise. Technical 
approval of all items will also be required prior to purchasing hardware. 
 Complete detailed design of experiments – Manufacture ready drawings of 
the three experiments should be completed. Consideration in this process 
should be given to the outcomes of the final concept testing and 
automation hardware specification.  
 Finite element analysis (FEA) of experiment bases – Each of the 
experiment base designs should be analysed using FEA software to ensure 
rigidity whilst under load. Excessive deflections have the potential to 
adversely affect the accuracy of experimental measurements.  
 Complete apparatus manufacture – Once all required designs have been 
finalised the complete mechanical assembly of the remote laboratory 
apparatus can be completed. 
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A significant amount of work, relating to the project as a whole, must also be 
achieved once all previously listed „further work‟ has been completed. It is 
important to note that these aspects of the project where eliminated from the 
scope of this document in Section 1.6. Despite this, further work not directly 
involved with this document is listed below. 
 
 Design of electrical control system – To be completed by external 
electrical contractors. 
 Electrical wiring - To be completed by external electrical contractors. 
 Computer interface design – This will be a particularly important process 
which has the opportunity to dramatically effect student learning 
outcomes. Design and optimisation of this interface is seen as a potential 
student research project for future years. 
 Enable remote access of experiments – To be completed by USQ ICT. 
 Integrate the apparatus into MEC2402 – To be completed by MEC2402 
academic team. 
 Formal analysis of pedagogical merit – This project clearly asserts that 
the proposed experiment design will provide improved educational 
outcomes for students. It is recognised that this is purely speculative until 
user perception survey (refer to Appendix E) results are analysed. Only 
then can the ultimate success of this project be confirmed. 
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6.4 Conclusion 
Laboratory work has long been regarded as an integral component of engineering 
education, however, the introduction of distance education has complicated this 
concept. Remote access labs (RAL) allow students to perform experimental 
investigations without the need to be physically present. MEC2402 - Stress 
Analysis is a large USQ undergraduate engineering course in which typically two-
thirds of students study via distance education. Stress Analysis is considered to 
be an academically and conceptually challenging course. 
 
The ultimate purpose of this project has been to design and build a physical RAL 
experimental apparatus intended to enhance the educational outcomes for future 
MEC2402 students at USQ. By successfully investigating the relevant pedagogical 
aspects and mechanical design principals this project has been able to successfully 
complete the proposed designs of three separate RAL experiments. During this 
process the majority of originally specified project objectives have been met.  
 
Although further work is required, the outcomes of this project are considered to 
be particularly positive. If future apparatus users gain just a portion of the 
appreciation and understanding the author has developed while completing this 
project, fulfilment of the ultimate purpose is assured. 
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Appendix C 
Stress Analysis – Student Data 
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This appendix provides details of data obtained relating to student participation 
in MEC2402 in previous years. Summaries of this data are presented in Section 
1.3 with the purpose of providing the reader with some perspective of the course 
with which this project aims to benefit. All data was provided by the MEC2402 
Course Examiner.  
 
Table B1 summarises all student participation and results MEC2402 since 2009. 
It is important to note the last four columns in the table which depict students 
who did not pass the course for the following reasons: 
 
FNC, Fail Not Complete – Student did not complete all assessment items. 
FNP, Fail Not Participate – Student did not participate in any assessment item. 
FNS, Fail Not Sit – Student did not sit final exam. 
OTHER – Includes students receiving incomplete results such as those requiring 
to submit differed assignments or sit supplementary exams in following years in 
order to receive a passing grade. 
 
Table B1 - Data relating to student participation and results in MEC2402 
 
 
In order to draw a comparison between the average results achieved in MEC2402 
and other USQ engineering courses it is necessary to remove all students from the 
supplied data who did not receive HD, A, B, C or F. Table B2 shown over the 
page summarises this reduced number of students and the percentage distribution 
of each grade achieved. 
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Table B2 - Distribution of grades amongst students 
 
 
By calculating the total number of students achieving each grade across the three 
methods of course delivery the overall grade distribution can be ascertained. This 
data is present in Table B3 below. Note that the results recorded in 2009 appear 
to be significantly dissimilar to results of the following years; as such this data 
has been discounted for the purpose of establishing the average distribution of 
grades. The final Table B.4 simply provides a summary of the average number of 
total MEC2402 student participates. 
 
Table B3 - Average distribution of MEC2402 grades from provided data 
 
 
Table B4 - Summary of total student participation in MEC2402 since 2009 
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Appendix D 
2002 ABET Colloquy – 
Laboratory Objectives  
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The following was taken from (Feisel & Rosa 2005).  
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Appendix E 
User Perception Survey - 
Proposed 
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Appendix F 
Project Schedule Details 
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Proposed Project Schedule 
 
Primary milestones initially proposed for this project were as follows: 
 March 2013 – Secure appropriate funding for manufacture of project. 
 May 2013 – Complete initial research and literature review component. 
 July 2013 – Complete design work 
 August 2013 – Complete manufacture of apparatus 
 September 2013 – Complete mechanical concept testing and evaluation 
 October 2013 – Submit completed dissertation. 
 
 
 
 
Achieved Project Schedule 
 
Actual primary milestone achievements were as follows: 
 June 2013 – Completed initial research and literature review component. 
 September 2013 – Preliminary funding approval granted 
 September 2013 – Completed manufacture of base frame 
 September 2013 – Completed design work 
 October 2013 – Completed mechanical concept testing and evaluation 
 October 2013 – Submitted completed dissertation 
 
Note: Final funding approval for this project was not granted at the time of 
thesis submission.  
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Appendix H 
Project Risk Assessment – 
Beyond Project Completion 
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Appendix I 
Technical Data & Drawings 
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Appendix J 
MATLAB Scripts 
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Experiment 1 – Shaft Torsion 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
% WRITTEN BY SCOTT COX - 2013 
% U1002971 
  
% ENG4111 & ENG4112 Research Project Part 1 & 2 
  
% EXPERIMENT 1 
  
% The purpose of this script is to output theoretical results of conducting 
% a shaft torsion experiment. This is to be used to select the most appropriate 
% material and section for experiment 1. 
  
clc, clear, close all         % clears the command window, clear all variables and 
closes all open applications 
  
Diameter=16;                % Specifies the diameter of shaft (mm) 
G=24000;                    % Specifies the modulus of rigidity of material (MPa) 
S_y=140;                    % Specifies the shear yield strength of the material (MPa) 
Percent_yield=70;           % Specifies the maximum percent of yield strength material 
should be stessed to (%) 
Shaft_length=600;           % Specifies length of shaft (mm) 
Moment_arm=100;             % Specifieas lenght of moment arm (mm) 
  
c=Diameter/2; 
Tau_max=S_y*Percent_yield/100; 
  
J=0.5*pi*c^4;                                   % (mm^4) 
T_req=Tau_max*J/c;                              % (Nmm) 
Force_req=T_req/Moment_arm;                     % (N) 
Phi=(T_req*Shaft_length)/(G*J);                 % (Radians) 
Phi_deg=Phi*180/pi;                             % (deg) 
  
fprintf('\n') 
disp(['Force required to produce Tau_max = ',num2str(Force_req),' N']) 
fprintf('\n') 
disp(['Angle of twist = ',num2str(Phi_deg),' degrees']) 
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Experiment 2 – Unsymmetric Bending (page 1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
% WRITTEN BY SCOTT COX - 2013 
% U1002971 
  
% ENG4111 & ENG4112 Research Project Part 1 & 2 
  
% EXPERIMENT 2 
  
% The purpose of this script is to output theoretical results of conducting 
% a bending experiment with unsymmetrical material. This is to be used to select  
% the most appropriate cross-section of material and the maximum mass which can be 
suspended. 
  
clc, clear, close all       % clears the command window, clear all variables and closes 
all open applications 
  
Height=40;                  % Specifies the height of the unequal angle section (mm) 
Width=20;                   % Specifies the width of the unequal angle section (mm) 
Thickness=3;                % Specifies the thickness of the unequal angle section 
  
Mass=6.5;                   % total mass suspended from end of beam (kg) 
g=9.81;                     % Specifies value of gravity (m/s^2) 
Load=Mass*g; 
  
%for i=0:0.001:360; 
Desired_orientation=0;      % Specifies ORIENTATION (deg 0-360) 
                               
if Desired_orientation >= 180 
   Orientation=Desired_orientation-180; 
else 
   Orientation=Desired_orientation; 
end 
  
Shaft_length=600;           % Specifies length of shaft (mm) 
E=70000;                    % Specifies the modulus of elasticity of material (MPa) 
S_y=250;                    % Specifies the shear yield strength of the material (MPa) 
Percent_yield=60;           % Specifies the maximum percent of yield strength material 
should be stessed to (%) 
  
Max_stress=S_y*Percent_yield/100; 
  
%-------------------------------------------------------------------------- 
% calculate location of centroid (from orientation shown in report) 
  
Area_1=Height*Thickness; 
Area_2=(Width-Thickness)*Thickness; 
Sum_area=Area_1+Area_2; 
  
Z1_i=Thickness/2; 
Z2_i=Thickness+((Width-Thickness)/2); 
  
Y1_i=Height/2; 
Y2_i=Thickness/2; 
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Experiment 2 – Unsymmetric Bending (page 2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ZA_1=Area_1*Z1_i; 
YA_1=Area_1*Y1_i; 
  
ZA_2=Area_2*Z2_i; 
YA_2=Area_2*Y2_i; 
  
Sum_ZA=ZA_1+ZA_2; 
Sum_YA=YA_1+YA_2; 
  
Z_bar=Sum_ZA/Sum_area;      % mm 
Y_bar=Sum_YA/Sum_area;      % mm 
  
%-------------------------------------------------------------------------- 
% Calculate second moment of inertia 
  
b_1=Thickness;              % Breadth of area 1 
d_1=Height;                 % Depth of area 1 
b_2=Width-Thickness;        % Breadth of area 2 
d_2=Thickness;              % Depth of area 2 
  
Iz=(b_1*d_1^3/12+Area_1*(Y1_i-Y_bar)^2)+(b_2*d_2^3/12+Area_2*(Y_bar-Y2_i)^2);   % mm^4 
Iy=(d_1*b_1^3/12+Area_1*(Z_bar-Z1_i)^2)+(d_2*b_2^3/12+Area_2*(Z2_i-Z_bar)^2);   % mm^4 
  
%-------------------------------------------------------------------------- 
% Calculate the mixed moment of area / product of inertia (Izy) 
  
Izy=(Area_1*(Z1_i-Z_bar)*(Y1_i-Y_bar))+(Area_2*(Z2_i-Z_bar)*(Y2_i-Y_bar));      % About 
centroid 
  
% To confirm see CRAIG.. page A16 (PDF)  
  
%-------------------------------------------------------------------------- 
% Calculate angle theta which corresponds to the angle with which the major PCA alligns 
  
Theta=0.5*atand(-Izy/((Iz-Iy)/2)); 
  
Orientation_max_axes=Orientation+Theta; 
if Orientation_max_axes >= 180 
    Orientation_max_axes = Orientation_max_axes - 180; 
end 
  
Orientation_min_axes=Orientation_max_axes+90; 
if Orientation_min_axes >= 180 
    Orientation_min_axes = Orientation_min_axes - 180; 
end 
  
%-------------------------------------------------------------------------- 
% Calculate Imin and Imax 
  
R=sqrt(((Iz-Iy)/2)^2+Izy^2); 
I_avg=(Iz+Iy)/2; 
  
I_min=I_avg-R; 
I_max=I_avg+R; 
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Experiment 2 – Unsymmetric Bending (page 3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
%-------------------------------------------------------------------------- 
% Calculates 'c' distance values for when section is orientated on PCA's 
  
C_max=Z_bar/sind(Theta)+(Height-Y_bar-cosd(Theta)*(Z_bar/sind(Theta)))*cosd(Theta); 
C_min=cosd(Theta)*(Width-Z_bar-tand(Theta)*(Y_bar-Thickness)); 
  
%-------------------------------------------------------------------------- 
% Calculates the maximum mass the section can support when moment is 
% alligned with min PCA 
  
Max_moment=Max_stress*I_min/C_min; 
Max_end_load=Max_moment/Shaft_length; 
Max_end_load_kg=(Max_moment/Shaft_length)/9.81; 
  
%-------------------------------------------------------------------------- 
% Calculates deflection when moment is orientated with PCA's 
  
Deflection_minaxes=Load*Shaft_length^3/(3*E*I_min);         % (mm) 
Deflection_maxaxes=Load*Shaft_length^3/(3*E*I_max);         % (mm) 
  
%-------------------------------------------------------------------------- 
% Resolve moments along PCA's min and max 
  
Load_v=Load*cosd(Theta+Orientation); 
Load_u=Load*sind(Theta+Orientation); 
  
%-------------------------------------------------------------------------- 
% Nuetral axis orientation calculation 
  
if Orientation_max_axes <= 90 
    N_a=atand((I_max/I_min)*-tand(Theta+Orientation))+Theta+Orientation;           % 
(degrees) 
else 
    N_a=atand((I_max/I_min)*-tand(Theta+Orientation))+Theta+Orientation-180;           
% (degrees) 
end 
  
if Orientation_min_axes >= 90 && Orientation_min_axes < 90+Theta 
    N_a=N_a-180; 
end 
%-------------------------------------------------------------------------- 
% Calculates the deflections perpendicular to each axes 
  
Deflection_v=(Load_v*Shaft_length^3)/(3*E*I_max); 
Deflection_u=(Load_u*Shaft_length^3)/(3*E*I_min); 
  
Horizontal_deflection=Deflection_v*sind(Theta+Orientation)-
Deflection_u*cosd(Theta+Orientation); 
Vertical_deflection=-
abs(Deflection_v*cosd(Theta+Orientation)+Deflection_u*sind(Theta+Orientation)); 
 
%-------------------------------------------------------------------------- 
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Experiment 2 – Unsymmetric Bending (page 4) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
% Outputs 
 
clc 
disp(['The maximum mass that can be supported on the end of the beam is ', 
num2str(Max_end_load_kg),' kg']) 
fprintf('\n') 
disp(['Orientation is ',num2str(Desired_orientation),' degrees']) 
fprintf('\n') 
disp(['The theoretically calculated NA is ', num2str(N_a),' deg']) 
fprintf('\n') 
disp(['Vertical deflection = ',num2str(Vertical_deflection),' mm']) 
disp(['Horizontal deflection = ',num2str(Horizontal_deflection),' mm']) 
fprintf('\n') 
disp(['Practical NA is ',num2str(atand(Horizontal_deflection/-Vertical_deflection)),' 
deg']) 
%end 
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% WRITTEN BY SCOTT COX - 2013 
% U1002971 
  
% ENG4111 & ENG4112 Research Project Part 1 & 2 
  
% EXPERIMENT 3 
  
% The purpose of this scriptis to output theoretical results of conducting 
% a normal stress experiment. This is to be used to select the most appropriate 
% material and section for experiment 1. 
  
clc, clear, close all     % clears the command window, clear all variables and closes 
all open applications 
  
Width=25;                 % Specifies the diameter of shaft (mm) 
Thickness=12; 
E=200000;                 % Specifies the modulus of rigidity of material (MPa) 
S_y=360;                  % Specifies the shear yield strength of the material (MPa) 
Percent_yield=89;         % Specifies the maximum percent of yield strength material 
should be stessed to (%) 
Beam_span=600;            % Specifies length of shaft (mm) 
g=9.81;                   % Specifies value of gravity (m/s^2) 
  
I_value=(Width*Thickness^3)/12;                             % Calculates the second 
moment of inertia 
  
Max_moment=S_y*Percent_yield/100*I_value/(Thickness/2);     % Calculates the maximum 
moment that beam can support 
  
Max_load=4*Max_moment/Beam_span;                            % Calculates the maximum 
(N) load the beam can carry 
  
Max_load_kg=Max_load/g; 
  
Max_deflection=Max_load*Beam_span^3/(48*E*I_value);         % Calculates the max beam 
deflection (mm) 
  
Max_normal_stress=S_y*Percent_yield/100; 
  
Max_normal_strain=Max_normal_stress/E; 
  
% Displays 
  
disp(['Maximum beam deflection will be ',num2str(Max_deflection),' mm']) 
fprintf('\n') 
disp(['Maximum load the beam can be subjected to is ',num2str(Max_load),' N']) 
fprintf('\n') 
disp(['Maximum normal stress in the beam will be ',num2str(Max_normal_stress),' MPa']) 
fprintf('\n') 
disp(['Maximum normal strain in the beam will be ',num2str(Max_normal_strain)]) 
 
